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INTRODUCTION 



The expansion and competitive position of general aviation in the field 
of transportation depends upon improving the safety and utility of liqht air- 
ZuLl hle , red ^i n 9 |heir cost. Toward this end, the Mission Analysis Division 
of NASA Is investigating various areas associated with the desian of light air- 
craft and has sponsored this study on structural materials and concepts! 

The primary objectives of the study were 

(1) To make a comparative evaluation of a wide variety of materials and 
structural concepts, presently and potentially available for appli- 
cation to light aircraft, by Investigating the effect of design, 
manufacturing, operational, and material requirements on the cost of 
this class of aircraft. 

(2) To apply the more promising materials and structural concepts to the 
conceptual design of I Ight aircraft 

(3) To identify key problem areas where additional research may increase 
the potential of promising materials or concepts. 

In pursuing these objectives the contractor was to consider two levels of 
technology and two types of light aircraft, fixed and rotary wing. "he levels 
of technology were classified as "near term," 5 years hence, and "far term " 
listeTin A nC endix h M C ° nCep+ual desF 9ns were to meet the contract guidelines 

The study was performed In two phases. Phase I was concerned with 
researching, correlating, and evaluating available information on (a) oper- 
ationa characteristics; (b) material properties; (c) structural concepts and 
capabi Ities; (d) manufacturing and cost considerations; as they apply to light 
four-place airplanes and helicopters. The intent of Phase II was to select the 
more prom sing structural materials and concepts and apply them to the two / 

S n phaI« a T +hl 9nS f ?J + ? e H! WO J! V ?'f ° f +echnol °gy- However, upon completion C 

?L™fw n k+ , U 'l! ! " d,ca+ed (a) +hat +h° economic gains associated with 

improved light a rcraft structural design would be more significant for "far 

term aircraft; (b) that light fixed wing and light helicopters structures are 

similar; (c) the need for a more definitive analysis of the fabrication cost of 

the selected materials and concepts. 

«M.rIK£' l + dk S de Vr d lt ( !! l+h +he a 9 reeme '' 1+ of NASA) to eliminate from con- ' 
sideratlon in Phase II the "near term" airplane and helicopter, and the "far 

term helicopter. Phase II concentrated on estab I Ishlng detai led structural i 

design, cost, and fabrication analyses for those materials and concepts that ' 

as°anni!«H ^ S l h Pr °T iSe + 0f reducln 9 labor hours and facilitating mass production 
as applied to the "far term" light airplane conceptual design. 

A major aim of the study was to identify key problem areas where additional 
research would increase the potential of the more promising materials and con- 
cepts and lead to safer and more economical light aircraft. 
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Area, In 2 , ft 2 


Dc 


Ad 


xz 


Disk area 


D.Q.C. 


AMPR 


— . 


Aeronautical Manufacturers 
Planni ng Report 
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AR 
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Aspect ratio 


E r 
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Area of individual element 
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Width, in. or span, ft. 
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Restraint coefficient 


CAA 
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Civil Aeronautics Admin* 
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CAB 
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Civil Aeronautics Board 


FAA 


Cc 
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Chordwise force 


FAR 


c Di 
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Induced drag coefficient 


Fb 


C Do 
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Drag coefficient 


Fc 


°D W 


5= 


Wing parasite drag coefficient 


F C c 


Ce 
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Specific engine weight 


r~ 


r 'f 
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Fabrication cost/ lb, , $/Ib. 


F cr 


Cfb 
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Baseline material fabrication 


C 



Cfn 



L L 50 

Cm 
c mb 

c mn 



C T 
CTO 



u d 
e.g. = 

C ^a.c.= 



ct/cr 

D 



cost/lb. , $/lb. 

Candidate material fabrication 

cost/ lb. , $/lb. 

Installation cost/lb., $/Ib. 

Lift coef icient 

Lift coeficient at 50 feet, 

take off 

Material cost/lb., $/lb. 

Basel ine material cost/lb., 

$/lb. 

Candidate material cost/ lb. 

$/lb. 

Normal force coefficient 

Torque coefficient 

Torque coefficient 

Thrust coefficient 

Take-off parameter 

Specific wing weight 
Dollars worth of a pound of 
material saved 
Section drag coefficient 
Center of gravity 

Section-Moment coefficient 

about the aerodynamic center 

Root chord 

Tip chord 

Taper ratio 

Section I ift coef f icient 

Diameter, in. 



cu 



cy 



su 



tu 



ty 
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G.A.G.= 

6.W. = 

gt -- 

HP 

h e ' 
I.O.C.* 

Jn ' 
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Kd s 

k p * 

K t ■ 
ksi 



Drag force 

Direct Operating Cost 

Modulus of elasticity in 

tension, psl 

Modulus of elasticity In 

compression, psi 

Tangent modulus, psi 

Elongation in percent 

Allowable stress or fahrenheit 

Federcl Aviation Agency 

Federal Air Regulations 

Allowable bending stress, psi 

Allowable compressive primary 

buck I ing stress, psi 

Ultimate allowable crippling 

strength, psi 

Allowable compressive crippling 

stress, pst 

Ultimate allowable compressive 

stress, psi 

Yield allowable compressive 

stress, psi 

Ultimate allowable shear stress 

psi 

Ultimate allowable tensile 

stress, psi 

Yield allowable tensile stress, 

psi 

Internal (calculated) stress, 

psi 

Equivalent parasite drag area 

Ultimate crippling stess of 

element, psi 

Ground-Air-Ground fatigue 

spectrum 

Gross Weight 

Shear flow 

Horsepower 

Spar cap centrord 

Indirect Operating Cost 

Inertia relief factor 

Factor 

33% markup factor for 

distributor/dealer 

1036 profit factor for 

manufacturer 

Theoret i ca I stress-concen- 

tration factor 

One thousand pounds per sq.ln. 
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MIL-HDBK-5 
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N xy 

n 

n 

n ult 
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Pf 
Pi 
Ptb 

p in 

p m 

q 

R 
R/C 
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s 50 

$ 



= Length, In. 

= Mean Aerodynamic Chord 

Mf I (tary Handbook - 
Metal I ic Materials and 
Elements for Aerospace 
Vehicle Structures 

Bending moment 

Normal force 

Cycles to failure, fatigue 

Compressive load per unit 

width, lb/in 

Shear flow, lb/in 

Load factor 

Exponent, subscript 

Ultimate load factor 

Applied load, lb. or power 

Fabrication cost, $. 

Instal lation cost, $. 

Baseline material installation 

cost, $♦ 

Cand I date mater i a I i nsta 1 1 a- 

tlon cost, $. 

Material cost, $. 

Shear flow, lb/in. 

Ratio of minimum to maximum 

stress fatigue 

Rate of cl imb 

Structural efficiency or 

wing area 

Take-off distance to clear 

50 f K 



ial structural x e#a = 

Ya.c. s 
Ye. a s 



Savings = Net overall savings 
rea I i zed $ 
Basel ine mater I 
efficiency 
Horizontal tail area 
Sea Level 

Stress vs cycles to failure, 
fatigue 

Candidate material structural 
efficiency 

Short Take-Off and Landing 
Vertical tail area 
Wing area 
Shear load 
Torque 

Total Operating Cost 
Thickness in. Also indicates 
tension when subscript 
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V A 
V C 
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VG 
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"max 

V-n 
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w b 

Wht 

W n 
Wo 
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w/s 
w v+ 



w, 
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Sb 

Sht 
S.L. 

S-N 

Sn 

STOL 
fvt 
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T.0.C.= 
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'•a.c. 
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AP 



AW 



oc 



pp 



= Cross-sectional area per unit 

width 
« Core thickness, in. 
= Airfoi I thickness ratio 

~ Speed 

= Design maneuvering speed (knots) 

~ Design cruise speed (knots) 

* Cruise speed 

« Design dive speed (knots) 

" Flap speed 

- Positive and negative 

accelerations vs air speed 
= Maximum speed 

= Design never-exceed speed 

( knots ) 
= Refers to diagram plotting 

limit load factor vs indicated 

airspeed 
= Tip speed 
» Weight, lb. 
85 Baseline material weight, lb. 

* Horizontal tall weight 

= Candidate material weight, lb. 
" Initial weight 
= Power loading 
= Wing loading 
» Vertical tail weight 
= Wing weight 
= Density, lb/in 3 
= Running load 
Aerodynamic center ordinate 

Elastic axis ordinate 

Aerodynamic center abscissa 

Elastic axis abscissa 

Thermal coefficient of 

expansion, in/in/°F. 

Dihedral 

Difference in installation 

cost, $. 

Difference in operating cost,$. 

Change in purchase price of 

airplane 

Difference in weight, lb. 

Efficiency factor (materials) 
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Sweep 

Taper ratio 

Plasticity reduction factor 

Shear buckling stress, psi 

Chordwise running load 

Running load 



cr 
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e 



= Allowable shear buckling stress 
~ Propulsive eff Icier.. / 

s Mass density of air 
* Solidity ratio 
- Poison ratio 
~ Angle of twist 
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CONVERSION FACTORS FOR INTERNATIONAL SYSTEM OF UNITS 

(Ref. 47) 



g/cm 3 = .03613 lb/ In 3 
kg = 2.205 lb 

kg/cm = 5.602 lb/In 
kg/cm 2 = 14.22 psi 



kg/cm 2 = 14.22 psi 
kg/cm 2 = 14.22U0 3 ) ks! 



WC 
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bL 2 

W 
b 2 L 



V kg/cm 3 = 36.13 lb/In 3 



WK 



.1/3 



b 2 a 



cm/cm/°c = .555 In/!n/°F 



km/hr = 0.6214 mph 

= 0.5396 knots 
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PHASE I - INVESTIGATION 



The first phase of this study researched, compiled, and con elated the 
available data on and related to structural materials and concepts. The data 
is sub-divided and is discussed in the following order. 



WW IT Light Aircraft Industry 



Evolution of the Post 
Design Considerations 
Performance Considerations 
Conternporary~to~Advanced Materials and Concept ;> 



Evolution of thf* Posl WW II Light Aircraft Industry 

AM hough the history of General Aviation light aircraft began with the 
Wright Brothers' No. 3 Elyor of 190^, this report will concern itself only with 
the industry since the end of World War II, This was the beginning of the most 
significant period of growth, with the exception of war~1 ime production quanti- 
ties that were on the decline in 1947, General Aviation did not recover from 
this decline until 1952, after which the industry has experienced a fairly con- 
stant growth to date. In the paragraphs to follow, the historical aspects of 
the following items will be discussed: 

Safety 

Uti I ization 

Cost 

Life 

Performance 

Production 






Safety , -The overall aspects of safety In General Aviation and particular- 
ly light aircraft, and safety as associated wl iti the aircraft structure, will be 
discussed in this sub-section. 

Overall safety: Several quantitative measures are commonly used to des- 
cribe air travel safety. The most common measures used to describe General Avi- 
ation safety are in terms of accidents per hour or per plane-mile. 
The General Aviation safety record has been constantly Improving since the end 
of World War II. Referring to Figure 1, this fact is evident both in terms 
of accidents per hour and per plane-mile. The post World War II accident 
ra 4 9 has declined from 79 accidents per 100,000 hours to about 31 in 1967. In 
terms of accidents per million plane-miles, the rate has declined from 8.8 in 
1946 to 2.0 in 1967. This is commendable in the face of a near doubling of 
eligible aircraft between 1954 and 1966. The data from which Figure 1 is 
plotted is presented in Appendix A. 



i 



Figure 2 graphically illustrates that small single-engine airplanes 
comprise the bulk (87$) of a! I General Aviation accidents. The remainder of 
the accidents are made up of 4% by rotorcraft and 9% by nj± other type and 
size of General Aviation aircraft. The pie In Figure 2 is also divided into 
zones, the area of which is proportionate to the number of fatal, serious 
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GENERAL AVIATION ACCIDENT & INJURY INDEX FOR 1963 (TYPICAL) 



Serious Injury 

Fatal Injury 111111111 
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Figure 2 



injury, and minor no Injury accidents. I.e. 10% of all accidents are fatal, 6% 
involve serious Injury and 84% involve minor to no injury. Although this 
illustration is plotted from 1963 data, it is typical and representative of 
today's statistics. Figure 2 is plotted from data in Appendix B. 

When the accident statistics are analyzed from a geographical viewpoint, 
no clear cut patterns are apparent. On the average, 5.3 of every | 00 eligible 
aircraft In the United States are involved in an accident each year (assuming 
that i 965 is representative of any recent year). Delaware and the District of 
Columbia have a low record of less than one per hundred aircraft. Nevada and 
Hawaii have a high record of 10 or more per hunared aircraft. Appendix C 
provides accident data for each state. 

Analysis of accidents versus phase of operation for small fixed-wing 
aircraft (in 1963 and 1964) reveals that: 

(1) 7% of the accidents occur during taxi. 

(2) 16% of the accidents occur during takeoff. 

(3) 8% of the accidents occur during cruise. 

(4) 67% of the accidents occur during landing. 

(5) 2%, phase of operation-static or unknown. 

The number of accidents versus phase of operation Is tabulated in Appendix D. 
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Safety as associated with design: This part of the discussion on safety 
concerned with that portion of the statistics that are improvable by better 
sign. r r 



Analysis of all the accidents in 1963-64 versus their causes is 
illustrated graphically in Figure 3 and 4. It is apparent in Figure 3 that 
for small fixed-wing aircraft, 68£ of the accidents have causes associated 
with improvable design considerations. Sixty-two percent of this improvable 
68£, or approximately A2% of aM the accidents, are associated with the landing 
gear (i.e., gear collapsed, retracted, wheels-up landing, nose over/down, hard 
landing and ground/water I oop ) . It should be recalled, from two paragraphs 
bark, that 61% of all accidents in small fixed-wing aircraft occur during the 
landing operation. It should be noted that airframe failures are associated 
with just slightly over 1% cf all the accidents in 1963. The accidents not 
associated with, or improvable by design considerations are those such as 
collisions, weather associated, etc. Figure 3 is based on data in Appendix E. 
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NUMBER OF ACCIDENTS VS CAUSES (1963 & 1964) 
FOR SMALL FIXED WING AIRCRAFT 
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Analysis of helicopter accidents versus cause reveals a similar situation, 
where 58$ of the accidents have causes associated with improvable design 
considerations (see Figure 4). Figure 4 is based on data in Appendix F. 
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NUMBER OF ACCIDENTS VS CAUSES FOR HELICOPTERS IN 1965 
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Figure 4 



Even though airframe failures are the cause of only ]% of the accidents in 
1963 thru 1965, they bear some scrutiny. These accidents and their severity are 
arranged by manufacturer in Table I. It is readily apparent that the aerody- 
namical ly clean and high performance airplanes have a relatively high incidence 
of airframe failure. It is interesting to note that tho Mooney group, with 
their stability augmentation devices, have a very low incidence of airframe 
failure. The respective numbers of ai^plames active in 1965 (included in the 
last column in Table I) must be considered when comparing the data for each alr- 
p I ane # 
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TABLE I 



AIRFRAME FAILURES BY MANUFACTURER* 
(1963 THRU 1965) 



AIRCRAFT 



Aero Commander 520, 560F, 580P 
Aeronca 11 AC, C2, 7AC 
A I on Ercoupe 415C 
Beech, D18, G18S, SNB5 
Beech 23 



Beech 35 Bonanza 
Bellanca 14-13, 14-19 
Cessna 120, 140, 150 
Cessna 172, 180, 182 

Cessna 195A T 195B 

Cessna 210 
Cessna 31 0B, 320 
Globe-Swfft 
Hello 

Luscombe 8A f 8C 

Mooney 18C " 
Mooney 20C, M20A, M20E 
Navlon G NAVA, NAVB, NAV4 
Piper J4, PA12, PA16, PA18 
Piper PA20 PA22 



Piper PA23, PA30 
Piper PA24 Comanche 
Piper, PA25 
Piper PA28 
Stlnson 180 



Taylorcraft BCS12D, BC-12D 
Hlller UH12E4 
Hughes 269 
Bell 47G2, 47HI 



FATAL SERIOUS 



3 
1 

1 
2 



20 
3 
4 
3 
1 



T 
3 
4 
3 
2 



MINOR 

TO 
NONE 



ACTIVE 
AIRCRAFT 
IN 1965 



75, 213, X 
755, 3, X 

71 
3, X, X 
662 



1 
4 



6286 
227, X 

6749 

15 146 

491 



TT 



1287 

1827 

X 

76 

22 



2491 



1170 

3 4168 

4 449. 5726 



'Tabulated from CAB Summary Reports of Accidents - X Unknown 




Referring to Table II, the cause, location of faUure-,-mnd-severitv of 

roL??J f f nt ar : !? b !J ,a ! ed f ° r +wo of the ^planes listed*]* Tablei I? Is 
readily apparent that eight of the eleven Bonanza failures were associated wfth 

S/ST^M b JSZ!l 6l Z l TT n r 6/0r J° SS ° f COntr01 ' res r u e ,??nT!n T :?ng W,th 
th« wLn ILlll / ;, 6 °! the eleven Bonanza fat lures was due to fatigue of 
wnce 9 Fo!r oJ X?I?i ?* °"t " a ? !"* t0 ,nad «l ua *> Inspection and mainte- 
nance. Four of the five Comanche airframe failures were associated with weath- 

Sil aHuT One°o ^r!?" and/o I K ,oss °' ~"trol, resulting In w^an^r 
In +IHL ,'< ?M he ffve was +he resu,t of Instrument failure. In almost 

iLlJlt ^V;™* fa l' Ure acc,dent ^ the pilot disregarded the threat of 

^ e f r a??u n rer?n nS J963 ee APPe " dlX ° ^ 9 +abU,a+, °" « a " tha ***"£ •»- 
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TABLE II- IN-FLIGHT AIRFRAME FAILURES, 1963, 1964, and 1965 * 



t 

< 




TOTALS 

BEECHCRAFT BONANZA ^ ^ 
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Vertical 
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^Tabulated from CAB. Summary Reports of Accidents 

D = destroyed 

S = substantial 

a « in air 

i = at impact 

X = associated with 
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Conclus on: It has been shown that approximately 60jl-70* of all accidents 
are Improvable i.e., they have causes associated with design, mater a? selec- 

80* k* ?hli 9U - + IOn ' V, C ;/ Wh ! Ch Can be affec+ed b V the ^signer. For example, 
BO* of these "improvable" accidents are associated with the landing operation 
(i.e., gear collapsing, retracting, wheels-up, nose-over, etc.). The designer 
cannot pass the responsibility through the instructor, to the pilot TheKnd- 

rl£ ? ; ara ?! e I ,S+ l L " °J an alrcraf+ sh °"'d require a minimum of proflc ency 
from the pilot. A good example of this is the pilot-proof retractable I and I no 
gear system recently Introduced by one of the light airp.an^manuiacture^s ' " 
which will extend the gear automatically when approaching landing conditions. 

A very small percentage (I*) of the accidents were/are caused by struct- 
ura failure. Most of these structural failures are the result of an un- 
qualified pilot venturing into bad weather (Instrument conditions), becoming 
the°Rfruct2re 9 COn+r °' ^ f,nally resultin 9 '" overload and failure of 

fr Gm 5 fl a +I I S , n S °I Ul " l0 ?K? S f ? ! ncrease +he des '9" i"lmlt load factors, possibly 
nuM LI t* + t J *\ Th l S ml9ht P ° SS,bly Save some airplanes attempt f Jg-*r~-~ 
pul l-out after emerging from a a.ve, and would help a few aircraft encounterina 
turbulence (clear air turbulence and gust). The cost of additional Satire 9 
has.baen estimated to be 60 pounds at $7.00 per pound (or a total of $420.00) 
This solution treats only the "symptom" and does nothing to treat the "cause"' 
of most of these accidents — spiral divergence. 



Another solution, is to provide inherent (built-in) aerodynamic stabilitv 
cai WIZTes "t inVeS+? 9 a+ed for +he ^ *«**» Y-rs? wTth no'practl: 

ul . A / h ir d SO ! u J'? n ' and P^bably the best, would seem to be the industrv- 
are \rtllllT ° f m'k?" b °* s+abMi+ Y augmentation systems. These deuces 
lrJintllll V ai k? ? + f0r jUS+ about any aircraf+ on the ^rket. They utmost 
aifVTnll I 9 h possfbili+ y of s P |r al divergence, regardless of how the aircr™? 
ttln i! V* S.V B I! uv ! r \ Whether from +«rbulence or from deliberate nten- 
f?Sh? tL 9 I ' V" d ! V, ? e Wi " reCOver +he a,rcraft +0 str alght and level 
Uifll; / V K° Ve b6en des, 9 ned f °r full or part-time use and even when 
activated can be over-powered by the pilot. 

There are only two manufacturers with certified wing-leveling devices on' 
the market at present. Such a device is already provided as standard equipment 
by one of the leading light airplane manufacturers, and is offered optionally 
by most of the other large manufacturers. These devices are available as an 
accesory to individual airplane owners for $500.00 to $800.00. 

It Is safe to assume that these devices could be sold for a fraction of 
today's price if they were mass produced. Since the public is • I w to pay ha>-d 
cash for safety, it would seem that the Industry should follow rhe t ad of that 
one manufacturer, by mandate if necessary, and bury the cost of f * device In 
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the overall price of the aircraft. Stability augmentation could thus be ac- 
quired with these gyro-referenced devices, far more economically in terms of 
dollars and weight (even at today's prices), than with structural and/or aero- 
dynamic modifications. They also are nearly universal in their ease of retro- 

T I T« 

ss is?'.?: iTcZzrvrh- 1 -~ ££?» °'^- ™~™" %'- 

cenT i4*j are helicopters. See Figure 5a. One- to three-place slnala-ennin* 
a reran' t e 1/?'^ ^y four-plus-p.ace airplanes as?he mo e p^ ar 

llnZl I f efer,n l!? Figure 5b ' f+ can be seen tha + the contemporary slnale- 
engine airplane is utilized at an average of 175 hours oer v M 3 r 

oow^ 6 - ' ^ UtM,Z f IOn ra+e f ° r G ° neral AvI^S Ss a^ ole iurb? Z-~ 
powered a.rcraft, as a type, are operated at a greater rate (450 hours ne? vear) 
than any other type of General Aviation aircraft. P V 



NUMBER & UTILIZATION OF GENERAL AVIATION AIRCRAFT BY AIRCRAFT TYPE 
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1955 I960 1965 
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1955 I960' 1965 
(b) 



Figure 5 
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In observing the General Aviation fleet from a type of flying polnt-of- 
view (fee Figure 6a), it can be seen that personal-type aircraft make up 50* 
of the fleet and business-type aircraft make up 25%. The remainder of the 
fleet is comprised of instructional, aerial application, air taxi, and 
Industrial-type aircraft. Air taxi-type aircraft are by far the fastest grow- 
ing category in the fleet. Referring to Figure 6b, it can be seen that 
persona I -type flying logs, on the average, only 80 hours per year. All other 
types of flying log more than the industry average of 175 hours per year. The 
highest rates (375 hours per year) are logged by Instructional flying. 

Finally, in considering both the number of each type of aircraft and the 
utilization rate of each, the iota I hours logged per year for each type 
and/or kind of flying can be ranked thus: 



1) Business 

2) Personal 

3) Instructional 

4) Air Taxi 

5) Aerial Appl icaticn 

6) Industrial 



38 
24 
17 
II 
6 
4 



NUMBER & UTILIZATION OF GENER7nT7^T7TKfN"A 
BY TYPE OF FLYING 
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1955 I960 1965 
(a) 



1955 



1960 



1965 



Figure 6 
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Industry Survey: A field survey of the Light Aircraft Industry, from the 
operators and maintenance station viewpoint was conducted by the contractor. 
This survey was accomplished by sending out approximately one thousand (1000) 
questionnaires to people presently operating and servicing light aircraft. 
Seven hundred (700) questionnaires were sent to individuals and companies in 
all fifty states of the United States, and the District of Columbia, Three 
hundred (300) questionnaires were sent to the national headquarters of the 
Experimental Aircraft Association (E.A.A.), Hales Corners, Wisconsin. These 
questionnaires were then distributed to the E.A.A, designees in various regions 
of the country. 

The questionnaires were in two (2) different formats. One was spec if te- 
al ly prepared for aircraft owners and operators, and one for ground service 
maintenance stations. The objective of the survey was to determine present-day 
light aircraft utilization, problem areas, and recommendations for corrective 
measures and improvements as observed by individuals in the field. Approx- 
imately 5% of the questionnaires were returned with a surorisingly good geo- 
graphical distribution (see Figure 7). 



QUESTIONNAIRE (RESPONSES) 
GEOGRAPHICAL DISTRIBUTION 



-1 




LEGEND 
+ SERVICE CENTER 
• OPERATOR 



Figure 7 
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Most of the responding contacts were unanimous in the need tor the 
fol lowing Items: 

Simplicity in design to reduce excessive maintenance costs. 

Improved safety features. 

Improved flight characteristics. 

Improved Pilot training procedures. 

The above listed items are not in any special order or preference as they all 
share equal importance. See Appendix H, a summary of the operating cost ques- 
tionnaires. ^ 

It should be noted that most of the questionnaires were sent to Opera- 
tors and Service Stations, and very few to private owners. Therefore, the ans- 
wers reflect, in general, a higher utilization and a more professional point of 
view than that of the total General Aviation fleet. 

While conducting this survey the contractor came across two excellent 
Governtnerff "pu6TTcanbns : 

Aircraft Pes ion- Induc ed Pilot Error , a study conducted by the Bureau of 
Safety, Civil Aeronautics Board, Washington, D.C. 

General Aviation Ins pection Aids, publication No. AC 20-7, controlled 
by the Department of Transportation FAA Flight Standards Service. 

The information presented in these two documents is intended to alert 
The General Aviation communi+y to data gained from operating and service exper- 
ience. Therefore, data in these publications should be of value and Interest 
to everyone associated with the light aircraft industry. A later sub-section 
In this report paraphrases the above-mentioned study on design- induced pilot 
error. r 

Response to the Operator and Service Station Questionnaires is listed on 
the following pages. It should be noted that these responr.es apply to the 
aircraft and aircraft-operators In the group polled and do not necessarily 
apply to the entire Industry. All answers are listed In order of Importance. ' 
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(Operators Questionnaire - Response) 
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A) Polled aircraft are used for: 

(1) Flight training 

(2) Flying clubs 

(3) Charter service 

(4) Rental 

B) Most commonly used aircraft In 
pol led group are: 

( i ) Cessna (a I I models) 

(2) Piper (al I models) 

(3) Beech (a I I models) 
Vintage - most aircraft 1966 



pol led 



Average basi 


c cost of 


aircraft: 




( 1 ) Cessna 


$ 10,000 


; (2) Piper 


$ 10,250 


! (3) Beech 


$ 47,000 



Cost of radios and navigational 
aids on polled aircraft: 

(1) Cessna $ 1,500 

(2) Piper $ 2,000 

(3) Beech $ 5,000 

C) Average yearly hours flown by 
pol led aircraft: 

(1) Cessna 485 

(2) Piper 495 

(3) Beech 485 

(4) Champion 505 

Average down t -ime (days/yaar > 

(1) Cessna 21 

(2) Piper 16 

(3) Beech 14 

(4) Champion 12 

D) Average cruise altitude: 
5,000 ft. 

E) Omitted 

F) Most significant areas of 
maintenance: 

(1) Inspection 

(2) Repair 

(3) Replacement 



G) Most causes for inspection: 

(1) Manufactures and FAA bulletins 

(2) Looking for cracks 

(3) Wear 

Most causes for repair: 
(t) Accident due to pilot error 
or act of God. 

(2) Corrosion 

(3) Wear 

Most causes for replacement: 

(1) Wear 

(2) Deterioration 

(3) Cracks 

H) Most structural difficulties have 
been found: 

( 1 ) Cessna 

(2) Piper 

(3) Beech 

Type of trouble: 

(1) Corrosion* 

(2) Cracks 

(3) Deterioration 

(4) Structural fa f lure 

* The emphasis on corrosion may not 
be justified as the most common type 
of trouble, because over 5056 of tne 
questionnaires returned were from 
areas with close proximity to large 
bodies of water. 

I) Most common reason for selecting 
present aircraft: 

(1) Initial cost 

(2) Cost of operation 

(3) Size 

Average duration of ownership: 
2-3 years 

Reason for replacement: 

(J) Upgrading 

(2) Cost of maintenance 
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J) Most common cause of accidents: 
(1) Pi lot aptitude showing neg- 
ligence and poor judgment 
(more so in professional people) 
(2) Age or sex showed no special 
bearing 



K) 



for 



Most desirable features 

future aircraft: 

(1 ) Improved safety 

(2) Retractable landing gear 

<3)Lower initial and operating 

cost at the expense of greater 

performance 
(4)ST0L capability 
(5) Oxygen system 
(6)Cabin pressurization 



L) Future aircraft safety improve- 
ments: 

(l)Cockpit standardization 
(2)ST0L capabilities 



(3) Better radio and instruments 
(4) Fire resistant materials 

M) Future aircraft improvements 
other than safety: 
(1) Design for reduced cost of 

maintenance 
(2) Better performance 
(3)Create a good two-place aircraft 

in the $3,000 to $5,000 

class 
(4)Reduce cockpit noise 

N) About 50$ of the operators have 
made operating cost and maintenance 
analyses* 

0) Most operators would submit analysis 
if they were available. 

P) No response. Lack of helicopter 
experience. 



(Aircraft Service Questionnaire - Findings) 



A) Most common component subjected to 
maintenance: 

CI ) Powerplant and propeller 
(2) Landing gear 
(3)Exterlor finish 
(4)Doors, hatches, cowling, 
windshield 

Most common component subjected 
to repair: 

(DPowerplant and propeller 
(2)Doors, hatches, cowling, 

windshield 
(3) Landing gear 
(4)Exterlor finish 

Most common component subjected 

to replacement 

(1 ) Landing gear 

(2) Powerplant , propeller 

(3)Exterlor finish 

<4)Doors, windshields, cowls 



B) Most expensive maintenance services 
performed are: 

(l)Englne overhaul 
(2)Radlo repair 
(3) Fabric replacement 
(4) Inspections 

C) Most expensive structural main- 
tenance are: 

(1 ) Damage repair 
(2) Inspections 
(3)Fabrlc replacement 
(4)Surface preservation 

D) Type of construction most 
maintenance free Is: 
(t)Sheet metal 

(2) Reinforced plastics 
(3)Tube and fabric 
(4)Wood 
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E) Effect of maintenance and repair 
costs: 

(1) Sheet metal (advantages); 

a. Ease of repair 

b. Lower rate of deterior- 
ation 

c. Fewer replacements (most 
items can be repaired) 

d. Cheaper labor cost 

(2) Sheet metal (disadvantages): 

a. Cracking 

b. Riveting can increase 
the cost of some repairs 

(3) Tube and fabric (advantages): 
a. Cheaper repair if ex- 
tensively damaged 

F) Most service stations charge for 
their services by parts and labor 
rate* 

G) Labor rates seldom vary from 
aircraft to aircraft or from 
component to component. 

H) Typical maintenance, repair and 
replacement job costs are: 
Engine 

50 hr. inspection $ 45.00 

100 hr. inspection 105.00 

"Top" overhaul 475.00 

Major overhau I | , 725 . 00 



Propel ler 


250.00 


Structure 


700.00 


Control System 


100.00 


Hydraul ic System 


(no reol ies) 


Electric Systems 


75.00 


Air Conditioning 


( no rep 1 i es ) 


Annual Inspection 


185.00 


Other, 





Instruments and Radio 



100.00 



I) Most work was performed on the 
following types of aircraft: 
(t ) Cessna 
(2)AII aircraft 
(3)Piper 
(4)Beechcraft 



J) The causes for repair and replace- 
ment work are: 
(j)Wear of engines, systems, brakes, 

tires 
(2)Damage due to accident 
(3)Cracks of cowling, hinges, sheet 

meta I 
(4)FAA and manufacturers'bul letlns 
(5) Deterioration 

K) Pressurizatlon in aircraft increases 
structural maintenance by approxi- 
mately 50#. 

L) Hangar space required : 

Airplanes 900 square feet 
Helicopters 400 square feet 

M) Tie-down space required: 

Airplanes 1000 square feet 
Helicopters 1500 square feet 

N) Cost for items "L" and "M" : 

Hangar airplane $ 37.50 per month 
Hangar helicopter 35.00 per month 
Tie-down airplane 15.00 per month 
Tie-down he I i copter 1 7.50 per month 

0) Helicopter operations and services 
caused the following maintenance 
problems different from airplanes: 
(DHlgher maintenance 
(2) Harder to park or move around 
(3) Components - higher wear and short 

service I tfe 
(4)High operating costs 

P) How would you handle a tenfold in- 
crease in operations? 

The magnitude of this question must 
have surprised many of the service 
centers. Most were so overwhelmed 
with the Idea of a tenfold increase 
In business that they could not 
conceive all the problems that would 
arise. 
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Q)»U),V), Suggestions for future 
light aircraft improvements are: 
(These three questions were very 
similar In nature. The listed 
answers are a composite analy- 
sis) 

(l)Pllot training 
(2) Improved design 
(3)ST0L capabilities 
(4) Low cost 

(5) Improved subsystems 
(6) Better engines 

R) What Is the range in types of 
aircraft that you provide 
services for: 

The response to this question 
indicated a misunderstanding of 

In summary, two outstanding areas 
sponse to these questionnaires. 



It, as the replies were aquantltatlve 
rather than a qualitative nature. 

S) Frequency and type of accident does 
not seem to be related to sex, age, 
or occupation. 

T) Increased demand for the following 
i terns were I i sted : 
(1) Improved safety 
(2)ST0L capabil Itles 
(3)0xygen systems 
(4)Lower initial and operational 
cost 

W) Most service centers do not make 
operational analyses of their 
operating costs. 

X) Mostly no response. 

of interest have emerged from the re- 



U) te 9 ?EmI J nd . Ma,n+ f? anc * - Present airplanes are poorly designed 
to facilitate inspection and maintenance. y 

a) Performance of proper inspection and maintenance Is very costly 
In one airplane the engine must be removed to inspect a fuel 

sea?c ne r.;nc An ^ her "1 P ! pU | ar design ^'res removal of the 
seats, rugs, floor panels to inspect a control pulley. 

b> i?*!! a+ ?J ab0V6 ' +he tns P ec+ '°n of some items can be very 
difficult, causing mechanics to neglect them, resulting in 
failures and accidents. 9 



c) 



There are no standardized Inspection procedures, or check lists 

a"? the e HnS Ii a+ +h V r, + lcal P^ts or systems'are inspected ' 
aT me right time or frequency. 



d) Comprehensive inspection procedures should be instigated, in 

SuErELn K° Wn +he fret * uenc V of inspections on Items ihlch 
historically have proven to be trouble free. 



e) 



ilth faJ ^Ti*t ! ha+ + 1? a,rCraf+ manufacturers, in conjunction 
1ZZ + +1 * Inspection procedures for each type and model, 

experience procedures should b « periodically updated, based on 
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(2) 



f) An industry-wide program to Indoctrinate the designers with re- 
gard to inspection and maintenance problems should be instituted. 
This program should reach everyone directly concerned with the 
airplane design. 

Standardization - present airplane cockpits are designed with no 
standardization in mind. The instrument panels and secondary con- 
trols should be standardized. 



The Light Aircraft Industry, coordinated by FAA, 
of NASA, AOPA, and other concerned organizations 



and with the 
should establ 



nputs 
sh the 



' * 



location, shape, size, and function of instruments and controls. 

Cost. -Evaluation of any material or structural concept is ultimately, If 
not initially, performed In terms of price or cost. This section discusses 
several parameters that are associated with or influenced by cost, i.e.: 

Dollar value and price trends. 

Consumer price trends (total and per pound empty). 

Cost as a function of speed. 

Dollar value and price trends: When comparing or evaluating anything in 
terms of dollars (or any currency) over a period of time, the effects of curren- 
cy value fluctuation must always be considered. Otherwise, a change in price or 
cost due to some technical reason could be artificially magnified, diminished, 

or compensated by dollar value fluctuation, thus camouflaging the particular 

cost or price effect being evaluated. This currency value fluctuation (usually 
Inflation) is measured and described in terms of a consumer price index and is 
compared to any convenient point in time. The U.S. Government publishes a run- 
ning tabulation of this Index (based on price of representative goods, products 
and services) In the Statistical Abstract of the United States (ref . 2) which is 
published yearly. These price index values are plotted versus calendar year in 
Figure 8 for the period 1937 to 1985. The data from reference 2 
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is based on 1958 equalling 100. The plot in Figure 8 is adjusted so that 
1966 equals 100. So that any constant rata of Inflation (i.e., a constant 
percentage increase per year) could be depicted as a straight line, the data 
is plotted on a semi-logarithmic graph. The constant inflation rate of 1.32$ 
per year, apparent since about 1951, Is extended to 1985. Therefore, in order 
to eliminate the effect of dollar value fluctuation, all dollars discussed 
hereafter will be 1966 dollars. Dollars of any particular year on the graph 
are converted to 1966 dollars by dividing the dollar value in question by 
the price Index for that year. 
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The price trends of several typical General Aviation aircraft are 
i I lustrated in Figure 9. From the graph, three price categories are apparent. 
The low-price category includes those aircraft priced below $12,500.00 and 
are character zed by fixed landing gear, four-cylinder engines (180 hp max.) 
and a i.xed pitch propeller. The middle-price category aircraft are priced 
approximately between $12,500 and $20,000 and are characterized by six- 
cylinder engines (up to 300 hp) and Include some with retractable landing gear. 
The high-price category aircraft are priced above $20,000.00 and are char- 
acterized by six-cylinder engines (up to 400 HP), retractable landing gear, and 
constant speed propeller. The very high-price aircraft, I.e. twins, executive, 
and air taxi +ype, are not included since they are beyond the scope of the 
study. 

GENERAL AVIATION AIRCRAFT CONSUMER PRICE TRENDS 
(In 1966 dollars) 
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The following observations have been made from these price trends: 
(1) 



(2) 



Price of low-price aircraft In this decade Is 
fairly constant to declining. 

Price of niddle-prlce aircraft Is fairly constant to 
rising. 



(3) Price of high-price aircraft Is generally rising. 

The price per pound (empty) of aircraft is plotted In Figure 10 and 
Illustrates, with only three exceptions, that not only is the price of air- 
planes rising, but consumers are paying a little more for each pound of air- 
craft. 
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Figure 10 

The Increase of cost per pound' is probably due to the 6% per year increase of 
U.S. aluminum and aircraft industry wages. No doubt, the following enhance- 
ments are contributory to the higher consumer prices: 

Aerodynamic cleanness - More sophisticated instruments 
Safety features - Comfort items - Luxurious Interiors 
Style changes - Engine refinements - Propeller advancements 
Accommodations for accessories and non-standard equipment 
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(I) 
(2) 

(3) 



It costs from $2.50 to $4.00 per pound to travel at 50 - 70 
miles per hour In an automobile. 

It costs from $8.50 to $34.50 per pound to travel at 115 - 
230 miles per hour In a General Aviation light, four-place 
airplane. 

It costs from $56.00 to $58.00 per pound to travel at 110 - 
145 miles per hour In a four-place helicopter. 
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PRICE PER POUND OF USEFUL LOAD VS SPEED 









100 150 
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NOTE: Useful load Includes all persons on board, fuel, oil and baggage. 

Figure 11 
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LHe. - Based on the limited "experience" data available, the life of 
General Aviation aircraft would seem to be almost indefinite, with only a 
few exceptions. The mechanisms by which the* life of an aircraft are shortened 
are deterioration (wear, weathering, and corrosion) and fatigue. The rate at 
which these mechanisms work are directly affected by the following factors: 



(I) 
(2) 
(3) 
(4) 
(5) 
(6) 



Utilization rate (hours per year) 

Use (Instruction, pleasure, sport, business, etc) 

Geographical location of base 

Storage (hangared or outside tledown) 

Maintenance qua I ity 

Design and material selection 



Examples of how -geographical location can affect life are: 

(1) Aircraft based at seaside airports have had to have their skins 
replaced within two years due to corrosion. 

(2) The soil on which an aircraft is tied down can "dust" the aircraft 
and combine with condensation drops clinging to underside surfaces. 
The corrosiveness of these drops is dependent on the make-up of 
soil In that particular geographical location. 

It would seem, then, that deterioration is a significant "life" mechanism 
for an aircraft. 



Fatigue, which is affected by utilization rate, use, and original design 
and material selection, is a mechanism to be considered in the life of an 
aircraft. It will be discussed in detail in a following main section of this 
report. 

Performance . - Several parameters describing the general performance 
trends of representative airplanes are discussed in this sub-section. The 
"representative" airplanes are designated as follows: 

(A) Piper Tr! pacer/Cherokee 

(B) Mooney Mark 20/21 

(C) Cessna 180 

(D) Piper Comanche 

(E) Beechcraft Bonanza 

Figure 12 indicates nothing more than a continuing gradual Increase in 
gross weight of all the representative airplanes-* Figure 13 plots the trend 
of empty weight to gross weight, which is a measure of structural efficiency 
and aerodynamic capability. The whole group of airplanes have remained at or 
near a ratio of 0.6 Indicating no change or improvement in structure! concept- 
or aerodynamic capability. Figure 14 Indicates no more than a gradual trend 
to greater installed power, in response to customer demand for higher per- 
formance. 
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Figure 15 plots ratios of maximum speed (cubed) to installed power 
and is an approximate measure of aerodynamic efficiency. It is apparent that 
there has been no significant change in the ratio since the introduction of 
each airplane. The variations shown for some of the airplanes are not 
necessarily real, since cubing the speed makes it very sensitive to the 
accuracy of the data used. 



MAX SPrED J /POWER TRENDS 



(mph /hp) 
500 







I960 
YEAR 

Figure 15 



1970 







Figure 16 shows a general Increase In maximum speed capability of the re- 
presentative airplane, In response no doubt, to customer demand. Figure 17 
shows this same general increase In landing speed, which Is a direct result of 
increasing the airplane's maximum speed. The acquisition of efficient high 
cruise and maximum speed is accomplished In part at the expense of low-speed 
capability. 

Aircraft P roduction . - Figure 18 Illustrates the history of General 
Aviation production quantities since the end of World War II. It has been 
characterized by an initial high level of >I5,000 aircraft shipped In 1947; 
to a low of 3,058 near the end of the Korean War; and back to the post World 
War II level of > 1 5,000. 
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Design Considerations 



Before the aircraft configuration was selected, several areas were invest! 
gated. I.e., the wing configuration in particular and, In general, crashworthi- 
ness and design- induced pilot error. These topics are discussed in the order 
I isted: 

Airplane weights 

Wing configuration (including high-lift devices) 

Helicopter weights 

Crashworthi ness 

Design- induced pilot error 

Airplane weights .- To estimate the empty and gross weights of the con- 
ceptual airplane, an analysis of seventeen contemporaty light airplanes was 
conducted. See Table III. 

A weight breakdown of a typical contemporary light airplane, which approx- 
imates the contract guidelines, is illustrated in Figure 19. 

TYPICAL CONTEMPORARY LiGHT AIRPLANE EMPTY WEIGHT BREAKDOWN 




Instr., hydraul Ic &• 
pneumatic group 
13.4 lb 

Nacelle gr. 41.2 lb 
Electrical group 61.7 lb 

Furnishings & equipment 
group 126.4 lb 

Surface controls group 43.4 lb 

Figure 19 



Empennage 
group 62.41b 
4* 
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TABLE III - CONTEMPORARY AIRPLANE WEIGHT STATISTICS 





7^ 


i 


- *?! 


iuC., ..• 


'ft 




t v 



^-;, ■ $£' 
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Pilot and 3 passengers 
Fuel (estimated) 
Oil (estimated) 
Baggage 



Estimated gross weight 
Estimated empty weight 



DESIGNATION 


W useful (lb) 


W 
gross ( lb) 


Wu 
Wg 


Cessna 182 


1,240 


2,800 


.443 


Beech Musketeer 


1,140 


2,550 


.447 


Cessna 180 


1,285 


2,800 


.459 


Cessna Sky lane 


1,180 


2,800 


.421 


Mooney Super 21 


1,000 


2,575 


.389 


Mooney Exec. 21 


1,118 


2,740 


.408 


Waco S220 


1,100 


2,753 


.400 


Found FBA-2C 


1,300 


3,000 


.434 


Bel lanca 260C 


1,200 


3,050 


.394 


Waco TS250-4 


1,078 


2,753 


.391 


Piper Comanche B 


1,372 


3,100 


.443 


Cessna 210 


1,435 


3,300 


.435 


Beech Debonair C33 


1,270 


3,050 


.416 


Aero Comm. 200 


1,060 


3,000 


.353 


Navion H 


1,350 


3,315 


.407 


Beech Deb. C33A 


1,450 
1,485 


3,300 


.440 


Beech Bonanza V35 


3,400 


,437 






1 

Wu , , 
Wg" (av 9> = 




7 1 7.117 




.419 1 


Estimated Useful Load 









630 lb 
360 


(per Appendix M) 
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200 lb 
Useful load = 1,263 


(per Appendix M) 


otllf * 3 ' 020 lb 




3,020-1,263 = 1,757 lb 









The following more comprehensive weight analysis was conducted to determine 
the detail and group weight breakdown of the prospective light airplane. 
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Wing group: s^ Unitary Wt. - 175 sq.ft.xl.43 Ib/sq.ft. » 250.0 lb 



Empennage group: 



51.0 lb 



(Horizontal tail) Calculate factor A: (reference 3 , Fig. 52) 
A = G.W.(lbs) x n ult x S ht x % 



S w x"t/c r (?) 



Where: G.W. = 3,020 lbs (from previous paje) 



ult = 5.7 g 

S h 
AR, 



S h+ = 36 sq.ft. (est.) 
=4 (est.) 
S w = 175 sq.ft. (ost.) 
+/c r = 9% (est.) 

Then: 

A a 3,020 x 5.7 x 36 2 y ^ 

* 175 x 9 a 56 » 6 00 

at A = 567600' w ht ="36"'Tb 

o! e tii C hl!? M) ?? ! e !? h+ ? f +he ver+ical +ail ls estimated based 
on the horizonatal tall weight previously found. 

W h+ * 36 lb 

S h+ = 36 sq.ft. 

Unitary weight - I Ib/sq.ft. 
S y+ = 15 sq.ft. 

w 

vt = 15 sq.ft. x I Ib/sq.ft. = 15 lb 
Fuselage group: (ref.3 - Fig. 51 - extrapolated) 



Landing gear group: 



- 300.0 lb 
■ 166.0 lb 



The weight of the landing gear Is 

estimated as being 5.5* of the gross weight, (ref.3 - page 64) 

3,020 x J5|= 166 lb 

Assume 70* of this weight for the main gear 
and 30* for the nose gear. Then: 

Main gear - '£ x 166 * 116.2 lb 
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Nose gear 



100 



x 166 = 49.8 lb 



Surface controls group: 

Nacel le group: 
Cowl assy. 

Engine Mount assy = 

Propulsion group: 

Basic engine = 

Air Induction system = 

Exhaust system = 

Cool ing system = 

Fuel system = 

Oi I -cooler = 

Engine controls » 

Starting system = 
Propeller installation * 

Instruments and navigational equ 
Navigational Equip,: 
Compass = 

Instruments 

Gauge panel Unci, oi I 
temp. 4 pressure and 
fuel quantity gauges = 
Fuel quan. transmitters = 
Airspeed indicator = 
Pi tot system * 

Tachometer and Drive « 
Altimeter, sensitive 
Stal I warning horn 
and actuator * 

Manifold pressure gauge 
& system . 

Cyl inder head temp, 
gauge and system = 
Position indicator- 
wing flap = 
Clock 

Rate of cl imb « 

Turn and bank-elec. « 

Hydraulic an pneumatic group: 
Brake system = 

Electrical group 

Power supply equip* 

Generator = 

Battery a 

Battery box & mount * 



25.0 lb 


16.0 lb 


580.0 (per appendix 


4.0 lb 


16.0 lb 


5.0 lb 


19.0 1b 


5.5 lb 


3.1 lb 


17.0 lb 


64.0 lb 


p. group: 


0.6 lb 


0.6 lb 


1.5 lb 


0.6 lb 


0.8 1b 


1.01b 


1.7 lb 


1.4 lb 


0.61b 


1.2 lb 


0.81b 


0.4 lb 


0.4 lb 


I.Olb 


2.2 lb 



M ) 



35.5 |b 
41.0 lb 

513.6 lb 



3.3 lb 



16.2 lb 

28.0 lb 

2.5 lb 



14.8 lb 



c 



y 



3.3 lb 
61.7 lb 



31 



mm*- 



ii.-iw 



wmm 



pfp> 



ir- 



Power disdribution 








and. control 


a 


12.3 


lb 


Starter contactor 


s 


1.1 


lb 


Battery contactor 


- 


1.1 


lb 


Battery cables 


a 


3.9 


lb 


Generator regulator 


s 


1.7 


lb 


Switches, rheostats 








and circuit breakers 


a 


1.5 


lb 


Wiring 


a 


3,0 


lb 


Lights 








Navigation 


a 


0.4 


lb 


Panel and cabin 


s 


0.3 


lb 


Dome 


a 


0.4 


lb 


Land 1 ng 


= 


2.4 


lb 



Furnishings and equipment group: 

Air conditioning and anti-icing equipment group: 

Total - Airplane (empty and dry) 

Gross = Empty + Useful =1562.7+1263 



= 120.0 lb 

6.0 lb 

= 1,562.7 lb 

= 2,825.7 lb 



Wing configuration.- Analysis of the wing was broken-down Into four 
separate analyses whi c h ar e dtscussod In the f o l l owing order: 

Planform 

Canti levered 

Strut-braced 

Area vs high-lift device 

Planform: Three wing planforms were investigated; i.e., rectangular, 
rectangular/taper and tapered. See Figure 20 ♦ 

A rectangular planform was analyzed to determine the weight increase of a 
9 g wing over a 5.7 g design ultimate load factor wing, for both cantt levered 
and strut-braced wings. 

All three wing's were assumed to have a single spar at 35% of chord and 
a closing channel at 75* chord. The span, area, and airfoil were assumed the 
same for each configuration. The primary structural components Investigated 
were the spar caps, spar web, and torque box skins. This analysis demonstrated 
that the tapered wing planform could be designed lighter than the other con- 
figurations. 

Canti levered: Analysis of canti levered wings considered rectangular wings 
at 5.7 and 9 g's; a rectangular taper wing and a tapered wing at only 5.7 g f s. 
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WING CONFIGURATIONS 



■■■:: \ . 



I 

Atrplane 
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CONFIGURATION I 

.£= 105ln^j 



f Cant I levered 

60.0 In n = (ult > wt. (lb) 

I 5.7 163 

\ 9.0 206 




Strut braced 
n ■ (ult) wt. (lb) 
5.7 146 
9.0 171 

Cant I levered 
n = 5.7 (ult) 
wt = 148 lb 



40.0 In 



Cant I levered 
n ■ 5.7 (ult) 
wt = 139 lb 



NOTE: Weights Include Spar Caps, Spar Webs, Skins, 
and Struts If applicable. 

Figure 20 

These analyses are fur+her sub-divided into the following categories: 

Design loads 
Member sizing 
Weights 

(Design loads) Design maneuvering wing load Is as follows: 



/' 



n W _ , a (3020) „ . x 
1 J " "175 — psf ' 



where: Limit n. = 3.8 g 

W = 3020 lb 
S = 175 ft 2 



The following trade-off calculations are based on the preliminary gross weight 
estimate, W = 3020 lb on page 29. 
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Minimum design airspeeds and limit flight load factors are listed In the two 

To u I QS D© I OW I 



(based on ret 4, Appendix A, 
Fig. 3 and Table I) 



Item 



Norma ! 
Category 



Flap speed 


V p =102 mph 


Maneuver speed 


V A =140 mph 


Cruise speed 


V c =1^0 mph 


Dive speed 


V Q = 222 mph 




Flaps "flap 

down n, . 

flap 



Two V-n diagrams, where S = 175 ft 2 and W = 3020 lbs were dm/«innoH r 

For U ?hV^.?? ICUla+ed baS6d ° n data fr ° m ref ' 6 'or the^ACA^ll'a ? oiK N 
For the positive maneuver envelope to n = 3.8, and C N = 1.408. See Figure 28. 

r, - r PSy2 - 1.408 (.00512X175) V 2 2 

n " L N ^W 2 (3020) = -°00209 V* , See Figure 21 

For the negative maneuver envelope to n «-1.9g, and C N =-1.138: n = -.000169V 2 

V-n DIAGRAM, 3.8 g 
A C 




mph 



r 
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The V-n diagram for a 6 g limit load factor was developed by maintain!™ 
the normal category design airspeeds. The equations on page 34 were used along 
with a 6 g cutoff to construct the V-n Diagram In Figure 22 



V-n DIAGRAM, 6g 




t 



Figure 22 



On the following page in Figure 23, are the equations and diagrams used 
for determining: 

(1) running load 

( 2) shear 

(3) moment 

Figure 24 plots the length of the wing chord versus wing station Y. 
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EQUATIONS AND DIAGRAMS FOR RUNNING LOAD, SHEAR, AND MOMENT 



w( lb/in) 



S 2 Ub) 



Wing root 




Wing running load: 

w = wcJ 
n 



Wing beam shear: 
S 2 = Z wAy 



M x (in-lb) 



Wing beam moment: 
M = Z S z Ay 



Figure 23 
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WING CHORD VS Y STATION 




50 100 130 200 
Y STATION (In) 
Figure 24 
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The average wing load and relief factor were determined as follows 



Average wing load w 



W 



w = ^T-= 17.25 psf 



175 



Limit w = n, 5= 3.8 (17.25) = 65.5 psf (limit n, = + 3.8 g) 
Ultimate w = 65.5 x 1.5 = 98.3 psf 



Assuming that the Inertia distribution Is similar to the airloading, the Inertia 

relief factor J_ = r~ , where: W = aircraft gross weight = 3020 lb 

Ww = wing weight = 308 lb 



W 



3020-308 
3020 



.90 



Based on the above, the design ultimate shears and design ultimate moments are 
plotted in Figures 25 and 26 



ULTIMATE SHEAR VERSUS WING STATION 
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Figure 25 
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ULTIMATE BENDING MOMENT VERSUS WING STATION 






■■#:.. 
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LU 



3 600,000 
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LU 



400,000 



200,000 




1 00 1 50 
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Figure 26 
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Wing aerodynamic center and elastic axis coordinates at tho-wfng/fttselage 
Intersection are listed in the following table. 



Operation 


Wing Conflg 
1 II 


Ill 


c 


60 


68.57 


75,425 


*a.c. s -267c 


16 


18.3 


20.1 


Y a.c.= .020c 


1.20 


1.37 


1.51 


a. a. s scaled 


21.0 


24.0 


26.4 


^e.a. = scaled 


.6 


.6857 


.754 
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Translation of airloads from a.c. (aerodynamic center) to e.a. (elastic 
axis). Inertia loads are assumed negligible for affect I nq torque and are 
omitted, 

WING SECTION AIRLOAD COMPONENTS 

1 e.a. is assumed +o be at center 
N /of spar because cell areas 
are about the same. 





| V-Single spar 
Figure 27 



Aft channel 



Where S =175 ft 2 , 



N = C N (? P I ) v2 = C N C0.00256)(J22J v 2 = C|yJ (.224) V 

hi) 
■MM] 



V C C 



V 2 = C c (0.224) V 2 



ax = x - x 

6*3 • a * C » 



V 2 •- C T (0.224) V 2 



/here: 



A * = Ye.a. " V 



a.c. 



C T= cC m +AxC n" A * C c 

3 • C » 



C = n(W/S) 25.600 



p/2 V 



n = 3.8 

W = 3020 lb 

S = 175 ft 2 



for n =-1.9 , c = ' 12 - 800 
N y 2 



WING SECTION FORCE COEFFICIENTS 




C N = c A cos o + c d sin a 
c c * <= d cos a - c t sin a 



Values of c. and c. 
* c 
were obtained from refer- 
ence 6, for the NACA 
63 2 215 airfoil. 



Figure 28 
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Airload Coordinates From Aerodynamic Center 
To Elastic Axis 


Operation 


Wing Configuration 


I II III 


c 

C m a .c. 

C ^a.c. 

Ax=x - x 

e.a. a.c. 

A V B V e .a. + Va.c. 


60 68.57 75.43 

-.03 -.03 -.03 

-1.80 -2.06 -2.26 

5 5.7 6.3 

1.8 2.06 2.26 



Wing torques at 3.8 and -1.9 g's, at the wing/fuselage intersection, 
about the elastic axis, are tabulated in Table IV, 



Table TABLE IV - WING CONFIGURATION I (for n = +3.8 and -1.9g) 



n 


3.8 


-1.9 




V-n diagram points 


A 


C 


D 


E 


F 


6 


® v 


134 


160 


222 


222 


160 


102 


©V 2 

© C N ref . Figure 28 


17950 
1.43 


25600 
1.00 


49300 
.52 


49300 
-.26 


25600 
-.50 


10400 
-1.23 


Ax ref. Figure 27 
© AxC N 


5 

7.15 


5 
5.0 


5 
2.60 


5 

-1.50 


5 
-2.5 


5 
-6.15 


© C ref .Figure 28 


-.248 


-.116 


-.02 


-.005 


-.04 


-.235 


® Ay ref. Figure 27 
® A Y C c 


1.8 
-.446 


1.8 
-.209 


1.8 
-.036 


1.8 
-.009 


1.8 
-.072 


1.8 
-.423 


_®_c..& nt#c# 

©c T =®-®+® 


-1.80 
5.796 


-1.80 
3.41 


-1.80 
.84 


-1.80 
-3.29 


-1.80 
-4.23 


-1.80 
-7,53 


(Q) .224 V 2 


4030 


5750 


11050 


11050 


5750 


2330 


@ N = C N (.224) V 2 


5760 


5750 


5750 


-2875 


-2875 


-2870 


© D„ * C (.224) V 2 


-1000 


-668 


-221 


-55 


-230 


-548 
-17500 1 


© T .| m it BC T ( - 224)v2 


23400 


19600 


9300 


-36400 


-24300 



Wing torsional shear flow 6 wing-fuselage 
A = 317.36 In 2 total Double cell as 



Ult. q t = 



1.5 



2A 



(-36.400) _ ft ,. , 
(317.36) " TO,/ 



Intersection * Cond. E critical: 
calc. from full size layout 
lb/In. 
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The normal coefficient for load factors of + 6g and - 3g is as foil 



ows: 



(for n = 6.0) C = n(W/S) = 4Q » 40Q 

N p/2 V 2 V 2 

(for n = -3.0) C = " 20 ' 20Q 

N ^2 



where < 



W = 3020 lb 
S = 175 ft 2 



TABLE V - WING CONFIGURATION I (for n = + 6 g to - 3 g) 



<T V " 



A 



V-n diag. pts. 



© V 

© V 2 

® C N ref. Figure 28 

© Ax ref. Figure 27 

© AxC n 

© C c ref. Figure 28 

® Ay ref. Figure 27 

© Ayc c 

® cC <"a.c. 

© C T =©-® + (5) 

© .224 V 2 



@ N * C N (.224) V Z 
© D c = C (.224) V 2 
34) T |Im = C T (.224) r 



169 
28600 

1.42 
5 

7.10 
-.248 

1.8 
-.446 
-1.8 

5.746 
6410 
9100 

-1590 

36800 



5.4 



160 
25600 

1.42 
5 

7.10 
-.248 

1.8 
-.446 
-1.8 

5.746 
5740 
8150 

-1425 

33000 



222 

49300 

.82 

5 

4.10 

-.069 

1.8 

-.124 

-1.8 

2.424 

11050 

9060 

-763 

26800 



-3.0 



222 
49300 

-.41 

5 

-2.05 

-.025 

1.8 
-.045 
-1.8 

-3.85 
11050 
-4530 

-276 

-42600 



160 
25600 

-.79 
5 
-3.95 
-.098 

1.8 
-.178 
-1.8 

-5.57 

5740 

-4530 

-563 



130 
16900 
-1.14 

5 
-5.70 
-.205 

1.8 
-.369 
-1.8 

-7.13 

3790 

-4320 

-777 



-32000 I -27000 



Wing torsional shear flow @ wing-fuselage intersection ^ Cond. E. Critical 
A = 317.36 in 2 Double eel I 

Ult -<t •*&• '1 iin.36 ?' - -ico-a Ib/ln 

The wing torsional shear flow at wing-fuselage intersection (condition E 
critical) for configuration II and III is as follows: 
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Assume: A 



"conf. 



and T = 



"conf. 



Therefore: 



- con '' * * 
I - __ 

2(c /c T rA T 
conf. I I 



'conf 



N 



For configuration II, q t = -|2_j(. 86) = _ 75 , 3 , b/In 



For configuration III, q t = 



60 
80 



(-86) = -64.5 lb/in 



Design ultimate torque: Figure 29, below, plots the design ultimate torque 
versus wing station. It is based on the general equations and data presented 
thus far. 



DESIGN ULTIMATE WING TORQUE VERSUS WING STATION 
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Configuration I 
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Figure 29 
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Axial load due to chordwlse bending: 

CAP LOADS DUE TO CHORDWISE BENDING 
•186 In.. 




Ing root 



24 In (ref) 



Figure 30 



U D C = Z ||§ 2 '= -5.38 lb/in (for n 



-1590 
U D C = ~f86 = ~ 8 - 55 lb/ in (for n 



5.7 g) 
9 g) 



Theaxiaf loads due to chordwlse bending (compression In spar and tension 
in aft closing member) versus wing station have been calculated and are plotted 
in Figures 31 and 32, for n = 5,7 g and 9 g, respectively. 
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AXIAL LOAD DIAGRAM (n = 5.7g) 
(DUE TO CHORDWISE BENDING) 




Y STATION (in) 
Figure 31 
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10 000 



« 8 000 



AXIAL LOAD DIAGRAM '(n = 9g) 
(DUE TO CHORDWISE BENDING) 
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100 150 
Y STATION (in) 

Figure 32 

(Determination of member sizes). The spar caps are assumed to be made from 
2024-T4 aluminum extrusion, material specification QQ-A-200/3. Material allow- 
ables per reference 7 are: 



57 ks '» F„„ = 38 ksi, F = 42 ksi, F g = 30 ksl 



tu ' cy 
Spar cap thickness general equations are: 



D M /h P 
* - P - x e t -X. 
A b t " bt 



solving for "t": 
M 



t = 



fb 



-2. + p 

h e > 



l6+ f=F tu orF ty 



h = .9 h 

e 



SPAR CAP GEOMETRY 



b = 2.0 in. 



b = 2.0 



r 



n 



I ° i 

h e h'=l5jtc 

Oil- 




Figure 33 



c 



Applying the general equations and Figures 26 and 31, the theoretical 
thickness curves were computed and plotted In Figures 34, 35, and 36. For 
practical purpose the spar caps were considered to be linearly tapered or 
constant sect! or c/or their length. 
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LOWER SPAR CAP THICKNESS DIAGRAM (n ^ 5.7g) 
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Figure 34 
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UPPER SPAR CAP THICKNESS DIAGRAM (n = 5 7) 

T' 




100 150 
Y STATION (in) 

Figure 35 
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SPAR CAP THICKNESS DIAGRAM (n = 9g) 




100 150 
Y STATION (in) 
Figure 36 



Spar web sizing: The spar web will have stiffeners 
as shown in Figure 37. 

The panel dimensions are: 

he = 8. 1 in h A 

* = 6.0 in 



200 



250 



SPAR WEB GtOMtTRY 



t = 1 - 3i 



The spar web thicknessess were determined with 
the following equations: 



F c = .8Fc 



.8 x 30000 = 24000 psi 



»<s E c t 2 



, were K s = 4.8, 



cr b < 
(simple supported, four sides) 

= 5i, 



q all = F s * 



► whichever is smaller, 




Figure 37 



For Configuration I: 

(n=5.7) ; q =^2. = 905 lb/in 



(n=9.0)J q = 1 §77 2 - = 1490 lb/in 



TABLE VI - SPAR WEB SHEAR ALLOWABLES 



t 


.032 


.040 


.050 


.063 


F s 


24000 


24000 


24000 


24000 


l s cr 


2000 


3100 


5200 


8400 


s cr 


10000 


15500 


26000 


4200C 


%\\ 


320 


620 


1200 


1512 
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CONFIGURATION I - SPAR WEB SHEAR FLOW DIAGRAM 
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1 00 ] 50 
Y STATION (in) 
Figure 38 
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Wing skin sizing: The wing skins were critical for tension field perma- 
nent buckling at ultimate load. The proper skin gages for each wing configu- 
rator! were determined by superimposing the allowable permanent shear buckling 
curves on the shear flow diagrams for each configuration (Figure 39). 

The ultimate shear flow at the wing root was first plotted for each 
configuration, using values from pages 40, 41 and 42. A straight line function 
was assumed to complete the shape of each diagram. 

The permanent shear buckling allowables were obtained from Reference 19, 
page C1 1.54. They are a function of the following: 

F cy = 38.000 psl 
E c = 10 x 10 6 psl 

t cr = Obtained in similar manner as the values for the spar 
shear web (Ref. page 46). 
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SKIN GAGES FOR TORQUE BOX 
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1 00 1 50 
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Figure 39 



(Determination of weights). Spar cap weights are calculated cr. the basis 
of the thicknesses presented in Figure 34, 35 & 36 using the density of 
aluminum as .100 Ibs/cu.ln. These weights are listed in Table VII. 

(Spar web and wing skins) Similarly, the spar web and wing skin weights 
calculations are based on Figures 38 and 39, respectively. These weights are 
also included in Table VII at the end of this section on wing configurations. 

Strut braced: The following analysis is for wing Configuration I with 
single external strut brace and applied ultimate load factors of n=5.7 and 
n*9.0. This analysis is subdivided into the following categories: 

Design loads 
Member sizing 
Weights 

Figure 40 illustrates the basic geometry used in determining loads: 
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SINGLE SPAR METAL COVLRFD WING WITH SINGLE EXTERNAL STRUT BRACE 
24 in. — i 



•18b in.- 



21 



."J 

in. -J 



± 



Closing channel 
C Spa" 



Leading edge 



A,B h 90 i n '-^f" — 96 In. — ■ 

~Ap + + + H* ♦ * + ♦' 

^ r 7T 



60 in 



u = 36.8 lb/In (n « 5.7) 
w = 57.4 lb/In (n * 9.0) 




4 Fuselage 



Figure 40 



Using conventional stross analysis equations, shear, bending and axial 
loads were determined, including the effect of chordwise bending due to drag 
loads. Firure 41 shows the wing spa- shear diagrams and Flgurs 42 shows the 
spar bending moments. 

CONFIGURATION I STRUT BRACED WING, VERTICAL SHEAR DIAGRAM 
6000 1 -i , . mmm 



i 

> 




250 



Figure 41 

Spar cap siting was based on equations given on page 44 and Figure 42. 
The results are shown on Figure 43 for n = 5.7 and in Figure 44 for n = 9.0. 
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CONFIGURATION : STRUT BRACED WING , BENDING MOMENT DIAGRAM 

300 000 

280 000 

2oO 000 

240 000 

220 000 
_ 200 000 
7 180 000 
■Z 160 000 




\z 140 000 
■£ 120.000 



100 150 
Y STATION (in) 
Figure 42 
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Spar cap sizing was based on equations given on page 44 and Figure 42. 
The results are shown on Figure 43 for n = 9.0 and in Figure 44 for n = 5.7*. 



UPPER AND LOWER SPAR CAP THICKNESS DIAGRAM (n=9.0) 
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Figure 43 



250 



50 






r 



»■ 



'A 

m 



. i6^c^ 



o.r 



CO 

LU 



o 

X 



,400 



UPPER AND LOWER SPAR CAP THICKNESS DIAGRAM (n * 5.7) 
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Figure 44 
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Spar web sizing was based on equa"ions given on page 46 and Figure 41. 
The results are shown on Figure 45. 



GURATION I - STRUT BRACED WING SPAR WEB SHEAR FLOW DIAGRAM 
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Figure 45 
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(Weights). Spar cap weights were calculated on the basis of the thickness- 
es presented in Figures 34, 35, 36, 43, and 44, using the density of aluminum 
as .100 Ibs/cu.in. Similarly, the spar web calculations are based on Figures 
38, ,39, and 45. These weights are all summarized in Table VII. 

TABLE VII - WING STRUCTURE WEIGHT SUMMARY 
(Weight of ribs, ailerons, flaps and mechanisms are not included in total) 



Conf iguration 


Strut 
i nsta 1 1 . 


Spar cap 
lower 


Spar cap 
upper 


Spar 
web 


Torque box 
skins 


Total 
lb 




I n = 9.0 

I n = 9.0 
(strut braced) 


30 est. 


37.2 
16.66 


63.2 
23.68 


17.65 


88.4 


206.45 




12.47 


88.4 


171.21 




I n = 5.7 





25.68 


39.37 


15.24 


83.1 


163.39 




I n = 5.7 
(strut braced) 


24 est. 


11.43 


16.88 


11.46 


83.1 


146.87 




II n = 5.7 


— 


19.9 


32.3 


16 est 


80.1 


148.3 




III n = 5.7 


— 


18.51 


29.2 


16 est 


75.6 


139.31 





est. = estimated 

Wing area versus high-lift devices: Wing area is a function of the type 
of high-lift device employed. In addition to the plain wing, the following 
high-lift device configurations were considered: All of these configurations 
must demonstrate a maximum -tall speed of 48 knots (@ S.L.). 

Plain flap 

Spl it f lap 

Single-slotted flap 

Double-slotted flap 

Double-slotted flap plus leading edge slat 

These configurations and their associated parameters are illustrated and 
compared in Figure 46. 

The plain wing with its obviously greater area is too heavy. The plain 
flap, which most contemporary light airplanes have, provides considerable 
less area and therfore less weight. The split flap and the single-slotted 
f \ln ic°+i i° n i! V maM im P roveme ^ over the plain flap. The double slotted 
flap s the lightest and second smallest in area. It has a fixed vane and is 
relatively simple in construction. The double slotted, fixed vane flap is 
currently used on the Mooney Mustang. The double slotted flap plus leading 
edge slat adds unnecessary complexity and weight. 

Prel iminary selection of wing configuration: Analysis of the rectangular 
strut-braced wing has demonstrated that it can be as much as 1 "756 lighter than 
the rectangular conti levered wing. Strut drag on a high wing affects performance 
by only two or three miles per hour. 
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jMm 



Airplane 



W 



337 ft 

|= 24.25 ft 
c = 6.95 ft 



WING AREA VS HIGH LIFT DEVICE TRADEOFF 
Wing Area Required to Obtain V Q = 48 Knots 
Configuration A 



Wt. 
558 |.b 



"*max 



= 1.4 



S w * 194 ft 2 

|= 18.4 ft 
c = 5.27 ft 



Wt. 
342 lb 



Configuration B 




%ax = 2 ' 43 



.2 c@ 65' 



S w = 182 ft 2 

| = 17.8 ft 
c = 5.12 ft 



Wt. 
320 lb 



Configuration C 



S w = 175 ft 2 




|= 17.5 ft 


Wt. 
308 lb 


c = 5.00 ft 






S w = 143 ft 2 

b , c „ ,^ Wt. 
f = 15.8 ft 273 lb 

c = 4.52 ft 



Configuration D 



c w - 2 - 7 



Configuration E 



Single slotted flap 
.2c @ 50° 



C A, =3.3 



wnax 




Double slotted flap. 
.2c % 65° 



S w = 134 ft2 

|= 15.3 ft Wt. 
2 282 lb 

C = 4.38 ft 



Configuration F 
Leading 
edge slat 



Co aw - 3.54 Double slotted flap 
Figure 46 



c 




A strut used on the upper side of a wing creates more drag than the same 
strut on the lower side, because It ?s In higher speed air, resulting In higher 
interference drag. It also causes flow separation, hence reducing wing efficiency, 
The great majority of low wing light airplanes have cant I levered wings, with 
few exceptions (e.g., the Piper PA-25-235 Pawnee). 
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The rectangular/taper wing is approximately 9% lighter than the rectangular 
wing, and the tapered wing is approximately \5% lighter than the rectangular 
wing. Therefore, based on its minimum weight and small area, the tapered wing 
with double-slotted flaps (fixed vane) high lift device was selected for 
application (in Phase II of the Study) to the Far Term light airplane. 

Helicopter weights .- The group weight breakdown of two contemporary 
helicopters, which are representative of the helicopter guidelines, are illus- 
trated in Figures 47 and 48. 



CONTEMPORARY HELICOPTER, EMPTY WEIGHT BREAKDOWN, 
(TURBINE ENGINE) 



&. 



Instruments 23 lbs 
Airconditioning 40 lbs 
Electronics 53 lbs 
Furnishings 55 lbs 
Electrical 65 lbs 




I group 

bs,2* 



Figure 47 



•fr:-.. 



CONTEMPORARY HELICOPTER, EMPTY WEIGHT BREAKDOWN, 
CPISTION ENGINE) 



Instrument group 17 lbs 
Furnishing group 30 lbs 
Electrical group 93 lbs 




Tal I group- 
28 lbs, ].6% 



c 



Figure 48 
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Crashworthiness.- During the course of this study, the subject of crash- 
worthiness and its relation to aircraft design was considered on many occasions 
and from every possible view point. Recent CAB and FAA studies and statistical 
data provides excellent guidelines and background data which indicated the need 
to reevaluate present regulations. 

The manufacturers indicate some degree of scepticisum. Some of them 
pointed oufshoulder harnesses are optional equipment in all our models, but 
we very seldom sell a kit". Also "crashworthiness is based very much on 
emotions; we would like more facts and figures". 

The users recognize the need of improved safety. This was the most desi- 
rable feature listed for future aircraft as a result of the poll conducted 
during this study. Nevertheless, tho operator very seldom is willinq to Dav 
for the additional safety. a K y 

Perhaps, as the Department of Transpoaration recently defined areas of 
improvement in the automotive industry, similar improvements will be outlined 
for future airplanes. 

. A brief bibliography of technical reports applicable to light aircraft 
crashworthiness design is as follows: 

"Crash Survival Design Guide", Technical Report 67-22, U.S. Army Aviation 
Material Laboratories, Fort Eustis, Virginia - July 1967 

Swearingen, J .J ./'Injury Potentials of Light Aircraft Instrument Panels" 
Federal Aviation Agency, Office of Aviation Medicine - April 1966 

Hasbrook, A.H., "General Design Requirements for Crashworthiness and 

De legalization of Passenger Transport Aircraft", Av-CIR-0-45(67), Cornell 

University, issued under Office of Naval Research Contract No.Nonr-401 (21 ) 

- August 1956 

Hasbrook, A.H., "Recommendations for Crash Safety Design Criteria for 
General Aviation Aircraft", THE FLYING PHYSICIAN - 1965 

Robertson, Harry S., "Aircraft Fuel Tank Design Criteria", Technical 
Report Av-SER-65-17, Flight Safety Foundation, Inc - March 1966 

Nissley, P.M., "Structural Design For Fuel Containment Under Survivable 
Crash Conditions", Technica, Report ADS-19, Federal Aviation Angencv 

- August 1964 a 7 

Greer, D.L., "Crashworthy Design Principles", Technical Report ADS-24 
Federal Aviation Agency - September 1964 
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Design-induced pilot error . -Because of the startling number of accidents 
involving the pilot as a causal element, tho Federal Aviation Agency establish- 
ed a flight research program entitled "Aircraft Design-I nduced Pilot Error." 
The first phase of this two-phase design compatibility program was to assess 
the influence of airplane design factors or configurations in General Aviation 
accidents wherein the pilot was determined to be a causal element. After 
learning of the FAA interest and intent to develop such a program, the Civil 
Aeronautics Soard offered to conduct this first-phase study because of its role 
and responsibility for the investigation of aircraft accidents and the promo- 
tion of air safety. In addition, this provided an opportunity to relate the 
Board's wealth of accident statistics and related data to a dynamic safety 
function: the prevention of accidents. The study was subsequently conducted by 
the Board's Bureau of Safety with financial assistance from the FAA. 

In July 1967, the National Transportation Safety Board published a re- 
port (PB 175 629) with the results and conclusions of the study. The report 
highlights were summarized by the contractor and are reproduced in the follow- 
ing p.?ges. 

The Aircraft Design-Induced Pilot Error Project is an evaluation and 
comparison of the accident records of 35 makes and models of General Aviation 
airplanes during 1964. Rotorcraft, agricultural airplanes, or those airplanes 
whose active number was less than 500 were excluded. 

Reason for the study stems from the fact that most of the General Avia- 
tion accidents (85%) were attributed to "pilot error" (total of 3,732 in 1964). 

Typical "pilot errors" appear more influenced by some airplane designs 
than others. In other cases, the aircraft owner's manual contains information 
which induces the pilot to err. The study showed that many of the accidents 
were design-induced, and, therefore, probably could have been prevented. The 

study was not intended to serve as an evaluation of the safety of the various / 

models or as criticism of any particular manufacturer. 
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Airplane makes and models were grouped by type of utilization to provide 
a common exposure index and by design parameters related to specific accident 
types. Distributions were prepared based on flight hours, total number of acci- i 

dents, and number of active aircraft. It was concluded that type of flying and 
pilot rating or proficiency were significant variables in defining accident 
risk. 

It was found that certain types of accidents were related primarily to \ 

detail design, particularly those involving retractable landing gear and fuel 
systems mismanagement. In these cases improper sensing of controls, inadequate 
identification of controls, inadequate pilot warning, and lack of standardiza- 
tion were the major design factors. 

In other cases, the design factors were less clearly identifiable. For 
instance, in many takeoff and landing accidents the information available in 






the flight manual Is Inadequate, or provides little margin for error, such as: 
lack of data on takeoff with cross winds, runway surface, takeoff and 'anding 
distances, margins between stall and approach speeds. All these factors re- 
quire a level of skill beyond that of many General Aviation pilots. 

It was found also that certain aircraft configurations definitely have 
an influence on the accident rates. For instance, low-wing tricycle-gear air- 
planes are less prone to nose-over or groundloop than tail-wheel airplanes. 

Another interesting finding was that airplanes certified under the rela- 
tively new CAR 3 and FAR 23 regulations have significantly less stall accidents 
than other aircraft certified under the old CAR 4a regulation. This indicates 
that the requirements governing stall warning in the new regulations have had 
an appreciable effect. Most of these accidents occur during takeoff or go- 
around resulting in stalls, spins, spirals, or mushing into the ground. 

In hard landings of airplanes with tricycle-type landing gear, it was 
found that in most cases they resulted in failure or collapse of the nore gear, 
but no damage to the main gear. This would indicate nose wheel first contact, 
rather than contact at a high rate of sink in a nose-high attitude. 

A detailed analysis of the most significant type of accidents is des- 
cribed next: 

Accidents involving engine failure: For the purpose of the study, only 
those accidents were considered in which the power plant failure was induced by 
pilot error. A relatively large number of such accidents involved mismanagement 
of the fuel system (98 accidents during year 1964). Fuel starvation occurred 
whi le: 

(1) There was ample fuel on board. 

(2) The fuel system was capable of normal operation. 

(3) There was no evidence of fuel contamination. 

From the 35 different airplanes studied, 9 had no accidents. Among the 
other 26 airplanes, some had one accident each, to a maximum of 19 accidents 
for one particular model. 

For twin-engine airplanes, the frequency of this type of accident was 
negligible (less than one accident per 200,000 hours of flying). 
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common: 



For single-engine airplanes, the following type of accident was most 



(Fuel quantity gauges) In these airplanes, a single fuel quantity gauge 
is used to Indicate the amount of fuel in two or more tanks. The selector 
switch for the gauge is independent from the Fuel Selecto. Valve, which was not 
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repositioned following engine failure because the pilot believed that the fuel 
selector and gauge were on the same tank. In this mistaken belief, and with 
fuel showing on the gauge, the pilot in each instance judged the engine failure 
to be for other than fuel starvation reasons. 

Solution: Use independent gauges for each tank or combine gauge 
switching with selector valve. 

(Poor location of fuel selector valve) Four accidents (all with the 
same airplane) during 1964 were attributed to the poor location of selector 
valve. A small pilot, or one with short legs, has to move the seat far forward 
to a position from where he cannot see or reach the valve. 

Solution: Better Selector Valve location. 

(Failure of the engine to respond when the Selector was repositioned to 
a tank with fuel) Present regulations specify that if the engine of a single- 
engine airplane can $e supplied with fuel from more than one tank, it must be 
possible, in level flight, to regain full power and fuel pressure in not more 
than 10 seconds after switching to any full tank, after engine malfunction due 
to fuel depletion becomes apparent, while the engine is being supplied from 
another tank. 

This requirement is very seldom met with fuel injection engines, even 
using boost pumps. Without boost pumps it often takes 30-35 seconds to restart 
the engine. With carburetor-engines the recovery was well within 10 seconds 
with or without the use of boost pumps. 

This is not a problem with high-wing airplanes (with wing tanks); all 
accidents occurred with low-wing airplanes. 

The present regulations do not contain a .prohibition against running one 
tank dry until engine failure .To the contrary, this often is a recommended 
practice in the owner's handbook. However, the handbook generally does not 
give information on the time required to recovery and the use of boost pumps. 

Solution: In low-wing airplanes, where "head" of fuel pressure 
does not exist, and purging of the fuel lines Is de- 
pendent on the pump, it is recommended that the power- 
recovery-time test without the use of boost pumps be 
made. If it results In excess of 10 seconds, the ap- 
propriate information should be provided to the pilot 
by means of the owner's handbook. An alternate solu- 
tion would be the Installation of "low-level warning 
lights." 

(Fuel Selector Valve mispositioned) There is a lack of standardization 
on the design of Fuel Selector Valves. There is no uniformity In General Avia- 
tion airplanes in the manner In which the fuel selector portrays the tank In 
use. 
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FUEL SELECTOR VALVE CONFIGURATIONS 




Figure 49 




Figure 50 




Figure 51 




Figure 52 



Selectors In Figures 49 and 50 utilize the handle as an Indicator but the 

lotl^L H? Ve + rSe ?-„ Se I eC+0rS fn figures 51 and 52 have a smal pointer oppose 
to the handle to indicate the tank. In addition, some other types of Selector 

oroltl^JZl 1 ^ ?!T h ^ aUXl ! lary pUmp hand '*' which has to P dip e Led 
+£ P Zll, 0r ?J! W "i engage wl+h the va,ve « Wher > this Is not done proper I v 
the handle could be rotated without really making a change in the valve Sith 
subsequent engine failure which wi . I be unexpected and maskeS to the ptlo? 



Solution 



Standardization on a rational dpsign. 



..,. Ac c,de n+s involving stalls, spins, spiral, mush: To begin, airplanes 

ofl^M T*% +h !u neW CAR 3 ° r FAR 23 regulations have a much lower frequencv 
of accidents than the older airplanes certified under CAR 4a. The later re- 
gents, including adequate sta I . warning, indicate a step in ?he rtght dir- 
Stal I J^n+c'i S ! a " acc | den t s occurred during initial climb or go-around. 
tlllL I h 1 s l dur ' na . +he lan ding phase were in the order of 10^ of the total 
number, and stalls during in-flight phase accounted for 28$ of the total . 

The large number of in-flight stalls are related to the lack of oilot 

?ha"t s!an y acc ?dint 9men+ ra T h : r , than afr P ,ane des, 9n« tK commonly hel 'opinion 
ItaMN?! TnMr ! I? l?' a+ ! d + ? p0or aerod yna-"«c characteristics, spiral 
Vs noi vah ^ ?he m n Mor n I!°M t0 ? ,P T? d dUrfng ,andlng or In - f,1 9 h + ^neuvers 
ofVal full engin^ power/ ' em '" Sta " S tS rela+ed + ° ,ni + ial cllmb on +ake " 

a + a n V®! 7 I " +e [ es+,n 9 comparison between two models of an airplane, one with 
a tail wheel and the other with a nose wheel, showed that the first model had 10 

t oTo^e 3 !*" .n fl CC,dentS K P L r h ? UP ° f f ly,ng than the second, wfth'^ ^'excep- 
tion of the landing gear, both airplanes are practically the same Similar 

studies were made with other airplanes in order to detect any re I at ionsh p be- 
tween type of .andlng gear and sta. I frequency, but no correlation was found 

w»+h ,. Takeoff + j ns+ ^ctions in owner's manuals were similar for both airplanes 
^rL«H eXCep+ i? n +ha I for +he "K^ 1 w^h nose wheel, there Is a table g Mng 
airspeed corrections at speeds near stall, both for flaps up and flaps down It 
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was noted that, for this model, the airspeed indicator reads low by 7-10 miles 
per hour In the takeoff range. It !s therefore possible that large difference 
in stall frequency between these two airplanes stems from the fact that pilots 
are unknowingly faking off at higher speeds relative to stall in the model with 
nose wheel, because they do not realize that the speeds given In the manual are 
calibrated rather than indicated. 

Another study involving a very popular four-place airplane showed that 
this particular make had a rate appreciably higher than other competitive air- 
planes. Out of 27 stalls, 19 occurred on takeoff and two on go-around. It was 
found that cross winds were not a factor in any of the accidents. In several 
go-around and takeoff accidents, severe rol I ing tendency with flaps down was 
reported. It is possible that the rolling tendency of this airplane in power- 
on stall may be a significant factor in its stall accident history. 

Another factor that may be related to the stall accidents on takeotf on 
these models is premature gear retraction because of a reduction In lift when 
the gear doors opened. 

A review of the owner's manual of several airplanes was made, and it was * 

found that data on altitude and temperature effects were minimal in many cases, 
although complete charts were provided in a few cases; takeoff speed was often 
not clearly specified, and in other cases the speeds given provided no margin 
from stalling speed. No data on takeoff from other than hard surface runways 
were included in any manuals; and few considered cross wind or gave maximum 
safe values. It was therefore recommended that the various manufacturers criti- 
cal ly review the adequacy of such data as are now presented in owners' manuals. 

Ground loop accidents: The ground loop-type accident Is defined as one 
resulting from a loss of directional control or a sudden swerve while taxiing, 
taking off, or landing. The main factors attributed to the pilot were: 

(1) Improper operation of brakes and/or flight controls (loss of direc- / 
tional control results from "over control" during takeoff or land- 
ing). 

(2) Improper compensation for wind conditions (cross wind picks up the 
upwind wing and airplane veers to one side of the runway. Nose 
wheel often collapses after cross wind gust picks up a wing)* 

(3) Loss of traction on slippery runways. 

(4) Failure to initiate a go-around or abort the takeoff at the proper i 

t i me . i 

(5) Veering or fishtail ing on takeoff or "long landing." 

(6) Wrong type of approach or landing for existing wind conditions, 
i.e., wheel landing vs. full-stall landing. 
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(7) Taxiing or turning too fast. 

(Tall -wheel airplanes) The study discloses that tail -wheel type air- 
planes have a much higher relative frequency of groundloop accidents than nose- 
gear alrp anes. The center of gravity is located behind the main wheels in the 
tail-wheel type airplanes. Inertia moments created in these airplanes, as a 
result of curvilinear motion, tend to cause the airplane to swerve or veer 
since the effect Is to increase the curvature by decreasing the radius of cur- 
vature Also, n tail -wheel type airplanes, it Is desi rable to keep the center 
of gravity as close to the main landing gear as possible in order to minimize 
the alrp ane's ground yaw Inertia characteristics. However, its maximum for- 
ward position Is restrained by the airplane's tendency to nose over. 

UPSET I NG COUPLE ON TAIL-WHEEL AIRPLANES 




d? 




/ 



Figure 53 



The swivel-type tail wheel does not provide appreciably large yaw re- 
storing moments; Its contribution to prevent groundloop is very small. Anyway, 
In order to provide any significant contribution, the tail wheel should be 
firmly on the ground, but braking during landing tends to unload the wheel and 
tnereby further reduce its correcting or lateral force capability. 

A dramatic example on the effect of e.g. position with respect to ,.,a In- 
land ing gear on groundloop accidents Is pointed up in a comparison of four mod- 
m I ? ?J? ^ e „^ me manufacture '~. Models "A" and "B" are tail-wheel versions: 
Models C and «D" are nose-wheel versions. The groundloop records for the 
tail-wheel versions were significantly worse than the tricycle-gear versions. 

* u ( ^se-wheel airplanes) The tricycle-gear airplane is basically ground 
stable with respect to adverse yaw Inertia moments. With the center of gravity 

RESTORING COUPLE ON TRICYCLE-GEAR AIRPLANES 
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Figure 54 
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ahead of the main landing gear, the inertia effect tends to align the airplane 

along a tangent to its particular ground path at any given time. The farther 

forward the center of gravity is located, the greater 'the ground roll stability 
of the airplane and more rapid the convergence in crabbed landing. 

A statistical evaluation to determine the differences in the groundloop 
records of tall-wheel airplanes and tricycle-gear airplanes- discloses that 
this latter group is far superior to its tail-wheel counterpart. That Is, 
chances of having a groundloop in a tricycle-gear airplane are much less than 
In ta I I -whee I a I rp I anes . 

Although not directly related to the kinematics of the airplane, the en- 
hanced visibility during takeoff and landing of a nose-wheel equipped airplane 
can be a decided advantage in preventing a swerve or groundloop, especially so 
during landing or takeoff on relatively narrow runways In adverse wind condi- 
tions. 

A nose wheel that is free to caster will permit the Inertia moments to 
stabilize the aircraft. Most present airplanes have more or less restrained 
nose wheels. To reduce ground loops, the caster restraint should be minimized. 
The design generally represents a compromise. For instance, the desirable 
characteristic to avoid groundloop during landing is maximum freedom to caster. 
On the other hand, the same nose wheel during takeoff phase should be irrevers- 
ible (no caster) so the pilot can steer the airplane. While landing in a crab- 
bed attitude, the inertia forces tend to align the airplane with its initial 
path of flight, and the nose wheel casters as it contacts the runway. The air- 
plane straightens out and continues traveling in a straight line. Should the 
nose wheel fail to caster, the airplane will tend to swerve and groundloop. 

In the statistical comparison of all single-engine, tricycle-gear air- 
planes, two particular models have shown a much higher rate of groundloop acci- 
dents than the statistical average. After evaluating every possible factor 
which might have had an influence on this high rate, it was found that both 
airplanes have rigid connections between the nose-wheel steering and the rudder 
pedals. Also the ground steering forces were high, resulting in very reduced 
amount of free caster I ng. 

(Groundloop initiation) Many groundloops are initiated as a result of a 
Wing tip contacting the ground due to a gust. An important parameter related 
to this groundloop initiation mode is the ratio of the lateral wheel base to the 
height of the center of gravity. See Figure 55. 

The larger this ratio, the smaller the tendency of adverse extornal 
forces to tip the airplane sideways. Thus, it would appear that low-wing air- 
craft might be naturally less susceptible to groundloops precipitated by gust 
upset than their high-wing counterparts, since low-wing configurations provide 
for a large lateral wheel base and a relatively low center of gravity. 

A comparison of the rates of accidents of high-wing and low-wing air- 
planes with tricycle-type landing gears showed that the low-ving airplanes had 
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RATIO OF TRACK WIDTH TO C.G. HEIGHT FOR LOW AND HIGH WING AIRCRAFT 
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Figure 55 



a significantly lower rate on an accident basis, but when compared on a flight- 
time basis shows no significant difference. 

When the groundloop was initiated without wing tip touching the ground, 
It was found that the frequency of accidents had a relation to the location of 
the center of gravity with respect to the main gear, and the radius of gyration 
about the vertical axis through the main landing gear. 

In tail-wheel airplanes, a relatively large radius of gyration about a 
vertical axis through the main landing gear reduces the swerve tendency. 



EFFECT OF MOMENT OF INERTIA ON SWERVE TENDENCY 





Airplane 



Figure 56 



Airplane "B" 



Figure 56 Illustrate this concept. Assur - both airplanes, "A" and "B", 
to have the same weight "W", and the e.g. locateu it the same distance "d" be- 
hind the main gear. Airplane "A M has a large moment of Inertia about the verti- 
cal axis due to wing tip tanks, great span and long fuselage, while Airplane "B" 
has a small moment of Inertia, with most of the mass concentrated near the e.g. 
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E.g., a spinning ice skater, with arms extended, accelerates his rotation by 
folding his arms and reducing his moment of inertia. 

(Other design parameters affecting the groundloop) Torsional flexibility 
of both the landing-gear structure and tires can markedly affect the capability 
of developing lateral or cornering forces. The softer the main landing gear 
tire, the less tendency to develop lateral loads which cause ground I oops. It 
is interesting to note that a very popular light airplane which utilizes rela- 
tively large soft balloon-type tires (8.00 x 4 @ 12 psi) was considered to have 
a much lower than average groundloop frequency as compared to all oth^r high- 
wing, tail-wheel airplanes in the study. 

The location of the fuselage center of pressure determines the relative 
swerve of veering reaction of the airplane to crosswinds. A center of pressure 
location close to the main landing gear axis, as might be conceivable in some 
tricycle configuration, reduces this swerve tendency. Figure 57 illustrate this 
concept . 

EFFECT OF CENTER OF LATERAL AREA ON SWERVE TENDENCY 





Figure 57 
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Accidents Involving retractable landing gear: The accidents in this 
group Involved landing gear retraction while the airplane was on the ground, and 
landings made with the wheels In the up position. There were 311 "wheels-up" 
landings and 154 "gear retracted" accident reports reviewed in this study. 

Only those accidents In which pilot error was evident were included. 
Other accidents due to mechanical failure of the extension/retraction mechanism 
or those which were associated with engine failure or forced landing were not 
included. They were eliminated since factors other than system design played a 
significant part in the pilot's actions, or failure to act with respect to actu- 
ating the landing gear extension mechanism. 

(Premature retraction) In this category are the accidents that occurred 
during takeoff and which were initiated by the pilot's attempt to retract the 
landing gear before flying speed was obtained. Also in this category are those 
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accidents occurring during landing in which the gear collapsed during the land- 
ing roll because of damage on the extension/retraction mechanism in the course 
of the previous takeoff. This damage occurred when the pilot placed the land- 
ing gear selector switch or lever to the "up" position during takeoff while 
most of the weight of the airplane was still supported by the landing gear, 
ihe takeoff in these instances was accomplished successfully despite damaqe to 
the landing gear mechanism. 

There were 30 of these accidents in the 1964 records reviewed. However, 
these accidents are not considered as "design- induced" since they occurred at a 
time, or flight phase, when there was no intent to operate some other systems: 
e.g., flaps. Unusual conditions, obstructions, or emergency circumstances were 
not present to influence the pilot to retract the landing gear as quickly as 
possible.' ^ 7 



k. . 1 na< ?y er+en+ retraction) Accidents in this classification are those in 
which the pi lots placed the landing gear lever to the "up" position unintention- 
ally whi le the airplane was on the ground. Most of these accidents occurred at 
a time when the pilots intended to actuate some other system such as flaps or 
landing lights. The total number of these errors could not be determined be- 
cause the accident reports often did not identify the pilot's Intention at the 
time of the inadvertent retraction. There was, however, enough information in 
many of the pilots' statements to lead to certain conclusions concerning the 

and i ng actuating levers or switches, their placement in the cockpit, and simi- 
larity to other switches or levers. 

Thirteen different airplanes were involved in 80 inadvertent retractions. 
In connection with this subject, CAA Technical Manual No. 103 - September 1953 
title: Aircraft Design Thro ugh Service Experience, stated in part: "Service ' 
reports show numerous cases of confusion of the retractable landing gear con- 
trols with other controls ". 

On October 1, 1959, Amendment 3-5 to CAR Part 3 became effective. The 
preamble to this amendment states "Accident records have shown that approxi- 
mate y one-sixth of all accidents with airplanes certificated under Part 3 have 
involved the misuse of the landing gear control. Incorrect operation of this 
control has been attributed to its proximity and similarity to the wing flap 
control. Therefore, Section 3.384 Is being amended to specify the location and 
shape of the landing gear and wing flap controls to reduce the possibility of 
confusion." The amendment reads as follows: 

The wing flaps or auxiliary lift device control shall be located 
centrally or to the right of the pedestal center line or of the 
powerplant throttle center! Ine and shall be sufficiently displaced 
from the landing gear control to avoid confusion. 

The landing gear control shall be located to the left of the throttle 
center I ine or of the control pedestal center I ine. 
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The control knobs shall be shaped in accordance with Figure 13 
(Flap control shaped like an airfoil, landing gear control 
shaped I ike a wheel ). 

Note: The official report analyzed in great detail each airplane and 
their accidents. In this summary only the conclusions are reproduced, which 
were as f o II ows : 



CAR PART 3 
CONTROL KNOBS 




FLAP 



iipSs^ 





The great majority of these accidents in- 
volved qualified pilots; training activities are 
not considered as a significant causaj factor. 

Nearly all accidents occurred during day- 
light hours when light conditions within the cock- 
pit were sufficient for proper identification of 
a I I controls. 

In 66 inadvertent retraction of the land- 
ing gear accidents in which qualified pilots were 
involved, t. ere were 53 instances where the land- 
ing gear control was operated by mistake for the 
wing-flap control . 

In the aircraft involved in 37 of these 66 
accidents, the landing-gear control and wing-flap 
control switches were nearly identical in appear- 
ance and opposite to the location specified in 
CAR Part 3. While these airplanes accounted for 
57.5$ of the non-student, non-passenger involved 
inadvertent landing gear retractions, they flew 
only 21.7$ of the hours accomplished by all re- 
tractable landing gear airplanes selected for re- 
view in this study. 



LANDING GEAR 
Figure 58 



In the remaining 29 cases in this group, 
there were six instances where the wing-flap 
, . fjuu landing-gear control levers or switches did not 
conform to either the configuration or location specified in CAR Part 3. There 
were 16 cases in which the configuration was in conformance to CAR Part 3, but 
the location was not. There were only seven of the 66 instances in airplanes 
that conformed to Pa rt 3 in both configuration and location^ 

From an overall standpoint, the airplanes having the landing-gear and 
wing-flap control arrangement specified in CAR Part 3 were involved in only 
18.7* of the total number of inadvertent landing gear retraction accidents re- 
V£Tt n u! h ! S S+Udy * These air P'anes, however, accomplished 33.7$ of the total 
1964 flight hours for the 15 retractable landing-gear airplanes in this study. 
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From the foregoing, It is concluded thit thA majority of the inadver tent 

ISJ'^ZW? T"? ^airplane deslc ^ n *"* 3nL. " is al so concluded that 
the wisdom of Amendment 3-5 to CAR Part 3 has been demonstrated. 

All but two airplanes have safety- I Imi ting switches or hydraulic valves 
as appropriate to the system. Accordingly, it is likely that the same error 
has been made many times without causing an accident. It is noted that these 
safety switches or valves are located on one main landing gear leg only, and in 
these accidents failed to perform their intended function. In this respec? it 
is noted that the pilot's handbooks sometimes note that the safety switch is to 
prevent inadvertent retractions on the ground when the airplane is not in mo- 
t.on. Accordingly, the protection afforded by this device is very limited and 
confined to periods of low hazard. Earlier handbooks do not make this distinc- 
tion, and the pilots may be placing more reliance on this device than is war- 
ranted • 



In some of these accidents, the safety devices did not provide protection 
for the airplane while taxiing, or while on the landing roll, because of hiqh 
strut pressure or because of rough or rolling ground that caused a rocking mo- 
tion of the aircraft and subsequent irregular extension of the shock struts. 
Only one instance involved a faulty microswitch. It is likely that had there 
been at least two or more switches, one on each main landing gear and operatinq 
in series, these accidents could have been avoided. It is recognized that such 
protection as does exist has been provided by the manufacturer voluntarily since 
there is no requirement for such safety devices in CAR Part 3 or FAR Part 23 
It is recommended that the question of the need for devices to prevent inadver- 
tent retraction of the landing gear on aircraft certificated under Part 23 be 
included on the agenda for discussion at the next Annual Airworthiness Review. 

(Failure to assure landing gear locked down) Accidents in this classifi- 
cation are those in which the landing gear lever or switch was moved to the 

down position by the pilot, but for various reasons the landing gear extended 
on y partially and the gear collapsed upon touchdown. In most instances the 
pilots were unaware of the unsafe landing gear and took no action to extend it 
by use of the emergency landing gear extension system. However, thi s classifi- 
cation also includes accidents in which the pi lot was aware of the unsafe con- 
dition of the landing gear and used the emergency system, but used it incorrect- 

y. Because of the incorrect use, the landing gears did not go Into the down 
locks, and collapsed during the landing roll. 

There were 97 accidents in this classification. 

Approximately 75$ of these accidents occurred in daylight. However, 
there was only one instance in which sunlight striking the down-position I ight- 
Ind cator caused the pilot to believe the landing gear was locked In the "down" 
pos i T I on . 

In th?s regard, CAA Technical Manual No. 103, Aircraft Design Through 
Service Experience ., states: *" 
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Red warning lights are often used as the means to indicate if the 
gear is not secured in Its extreme position. However, in actual 
operation, due to tha effects of direct sunlight, it is often dif- 
ficult to observe if the light is on. Accordingly, it Is desirable 
to shield the lamp from the direct rays of the sun. In the past 
numerous wheels-up landings can be attributed to failure to ob- 
serve the lamp being on due to the adverse effects of direct sun- 
I ight. 

Since there was only one accident in 1964 in this classification in 
which sunlight was a factor, it can be concluded that this problem has in great 
measure been solved. 



The automatic dimming of the landing gear position light has been demon- 
strated as a cause of pilot error. The airplane handbooks for all the airplanes 
having this feature emphasize the fact that the lights will be dimmed when the 
navigation lights are turned on. However, in the cases studied there were com- 
ments by the pi lots that they were not aware of this device. In the case of 
rental aircraft, it is doubtful that the renter will be very familiar with in- 
formation in the handbook. In the two twin-engine aircraft with this device, 
there is a secondary feature which tends to reduce the possibility of error be- 
cause of the dimmed light. This is the flashing red light in the landing gear 
control handle in one airplane, and the flashing of the "UP" position I ight in 
the other. 

There were 10 accidents in which the landing gear position lights were 
not functioning. However, in six instances, it was because of electrical -system 
failure, or because the generators were not turned on. Accordingly, there does 
not appear to be any appreciable problem with The operation of the landing gear 
position lights. However, of particular interest is the number of comments from 
the pilots indicating that they did not use the position lights to determine if 
the landing gear was locked in the "down" position. It is apparent that many 
pilots are relying on the aural warning signal rather than the lights to tell 
them if the gear is in an unsafe condition. 

There were 34 instances In which the landing-gear-warning horn, for vari- 
ous reasons, did not function, and five instances where power-on approaches pre- 
vented the horn from being heard until too late to prevent the wheels-up landing. 
When reliance Is placed primarily on the aural signal for Indication of an un- 
safe landing gear situation, as the accident reports Indlcafe, then malfunctions 
of this device contribute materially to pilot error. 

Reliance on the aural signal is not confined to General Aviation pilots. 
On April 15, 1964, the Federal Aviation Agency Issued Amendment 40-41 to Part 40, 
Scheduled Interstate Air Carrier. Certification and Operation Rules , which pro- 
vided that landplanes of over 12 500 pounds maximum weight must have a wing- 
flap actuated aural warning signal in addition to the other position indicating 
and warning devices related to the landing gear. 
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rh^i.IJ If 9 !i OUp x Sl 6V6S tha+ if +he warnin 9 s y s+em ' Position lights, and 
n??^i IV* !? ade 9 ua+e ' n alr car - fer aircraft operated bj two professional 
p lots the problems must be equally as acute, if not more so, in General Avia- 
tion aircraft operated by a single pilot. Accordingly, in view of the number of 
wheels-up landings during 1964, the Board on May 20? 1966 Warded to the Ad- 
ministrator a letter recommending that a wing-f lap-actuated aural warning signal 
Reguta? on °" ,andplanes certificated under Part 23 of the Federa Av at?o 



+hoca J n ,V eY ! °! |he large number of warning-horn failures, we conclude that 
these accidents fall in the design- Induced category. 

„,„. . + T !! er V er ? 22 instances °f tripped circuit breakers. When the tripped 
^iZ! + ?" ea P iS cornb,n ? d wi+h "^functioning landing gear position lights, or 
mallon Is nkel 9 ^ " 9 SyS+emS ' PM ° + err0r by Wr+Ue °* a lac?k of 'nfir- 

m onH;n.° n + J il? e 7 1 ] l b i +he Board forward e d to the Administrator a letter recom- 
mending studies to determine the cause of the large number of tripped circuit 
+hf ^, aSSOcia+ed w ! +h ^cidents in which the pilots failed to assure that 
ing gear!" 9 ^ "" * '" +he d ° Wn pos!+ion ' or failed + ° extend the land- 

+k •. ( + a i!U re 1° ex+end) Accidents in this classification are those in which 
the pilot did not operate the landing gear lever or switch to the "down" pos - 
liSmUn ^K 3 resu, + ' ™ e ^craft was landed with the wheels in the retracted 
position. There were 121 accidents in this classification. 

w« Jit? 'm i n ? +an ?? s +he a "to-dim feature, or sunlight conditions were fac- 

tZl VJl e f f S fa " Ure + ° ° bSerVe the ,andln 9 9 ear Position lights. How- 
' +bese a 'stances are so infrequent that cockpit lighting conditions do not 

a ?ST?L" + o V 5 i9 . n,f ! can J" par+ in lnduclng pMo+ error wi + h res p^t to the 

"failed" to extend the landing gear classification of accidents. 

What is apparent with respect to the landing-gear position lights is that 

l!m^. re8S ? nS K ma ? Y Pll0+S Slmp,y are no+ usln 9 +hOT - As m the previous 
classification of wheels-up landings, the principal device the pilot is using to 
determine that the landing gear is locked in the "down" position is the warning 

The 43 instances of landing-gear warning-horn failure In this classifica- 
tion 3 ? W* , nsta ? ces in the "failed" to assure the landing gear was 
locked in the "down" position, indicates a deficiency that certainly induces 
pilot error. However, because of lack of information in the accident reports, 

iL W ?hr«?I.f^i^;J° de ' 9rrnI ?: [ f +he ^'oiency >» in the design of the horn, 
the throttle actuated micro-switches, or other components of the aural warning 

?r!f JiSl, It ! r +h ? P ^V m ls Slfnp| y ^adequate maintenance. In any event, 
it s likely that a significant reduction in the number of p I lot-error, wheels- 
up landings can be made If the reliability of the aural warning system Is Im- 
proved. ' 
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In this regard it is believed That the wing-flaps-actuated device recom- 
mended in the Board's letter of June 7, 1966 would contribute substantially to 
a reduction in the number of wheels-up landings in general aviation aircraft. 

As in the previous classification, tripped circuit breakers are consider- 
ed to have been a factor in producing pilot error. Improvements in this regard 
would contribute materially to a reduction in pilot-error, wheels-up landing ac- 
cidents. 

Power-on approaches were involved in 33 of the wheels-up landings in this 
classification, and in five in the previous classification. It is believed that 
a wing-flaps-actuated aural warning device would contribute substantially to a 
reduction In wheels-up landings associated with power-on approaches. In this 
regard, It is interesting to note that at least one general aviation twin-engine 
aircraft handbook recommends that on the approach normally about 12" of manifold 
pressure should be maintained to provide a reasonable approach angle. Since the 
landing gear warning horn microsw itches are typically set at 12 inches of mani- 
fold pressure, this recommended procedure very nearly defeats the intent of the 
regulations providing for the aural warning signal if the landing gear is .jt 
locked in the down position. If the airplane design is such that power must be 
used to achieve a "reasonable" descent angle, then this feature can influence 
the pilot to make a wheels-up landing; or, at the very least, will deprive him 
of the benefits of one of the devices considered necessary in the interests of 
safety . 

It is recommended that for those aircraft requiring a power-on approach 
to avoid excessively steep descent angles, the throttle-actuator warning-horn 
microswitch be set at a manifold pressure high enough to provide adequate aural 
signal. 

(Miscellaneous factors related to wheels-up landings) The problem of 
identical switches for the landing gear selector and flap selector was apparent 
in other areas in the course of this study. On a few occasions it was noted 
that battery master switches were turned off when the pilot intended to turn off 
the fuel -boost pump. The resulting complete electrical failure influenced 
wheels-up landings since there was insufficient current to operate the landing 
gear. 

In comparing the selector switch locations in the early model airplanes 
in which this situation occurred with the selector switches in later models of 
the same airplane, it was noted that the battery master switch had been moved 
from its location immediately adjacent to the fuel boost pump switch, and re- 
located to another part of the panel. Confusion between the two was thus mini- 
mized and accidents attributable to this situation are practically eliminated. 

While not related to this category of accidents there were other similar 
situations that came to the attention of the study group In the course of dis- 
cussions with pilots. In two instances pilots reported that the ignition 
switches were inadvertently turned off instead of the fuel boost pumps. The 
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r-Tr-ll + . an immedl f +e loss of Power +hat could have been critical had It oc- 
curred to less experienced pilots. If an accident were to occur for this rea- 
son, it could be very difficult to determine the true position of the switches 
because of severe cockpit disintegration. Accordingly, it is recommended that 
consideration should be given to discussing at the n"ext Ann a. AirTrlhtnels 
^ requirement for guards to be placed over critical switches that are 

ZZU * U ™ ed ° n 9nd ° f ,° nly ° nCe during a f,, 9 h+ - These s "'tches should 
include but not necessarily be limited to, the battery master switch, and to 
toggle-type ignition switches. y *«"Tcn, ana to 

c.wi+rhJ^^M f n f ,dera + lon should be given to a requirement that these 
switches should be located remotely with respect to other switches that are used 
frequently, or which may be turned off during a critical phase o? flight! e g 
boost-pump switches which are often turned off during initial climb! 

lBnel ln a few accidents there were comments that the landing gear aural warn- 
ISn!! 9 ^ T n0t b6 dis+in 9ulshed from the stall warner. In another in- 
tngfy ignorel W9rner ""^ ' lke a rad '° beacon code si 9 nal and «• ac2ord- 

h« PaP+ °! I hS P roblem lles In +h © fact that the same or identical warning 
horns are used for both purposes. In most instances the landing-gear au?a" 9 

Sv r ?ne 9 f!Lbe? P ^ \^ ide ?| if ied b y i+s regular, intermittent note generated 
nLln? asner , unit : The s+ aH warner, conversely, has an intermittent, sup- 
S2S L'+k 69 , T S !?2 a ' + Which becomes stead V when the stall is reached ft 
flnnl 2 tr* i ;l ermi + +en | regular landing-gear aural signal is difficult to dis- 
tinguish from the intermittent, irregular stall warning which the pilot expects 
Consequently the signal fails in its intended purpose. expects. 

At least one manufacturer has attempted to solve this problem by usinq 
separate horns and separate operating frequencies in order to distinguish clear- 
ilf ^nnn™ 6 !"° Signa,S * As a result ' +he frequency for the stall warner ?s 

set 11 llo cZ ?n P L r rf ?^ nd ' + K h6 , fr ^ UenCy ° f +he la " dln 9 9 ear " arnln 9 horn is 
ftasher "n addition, the landing gear warning horn is connected to a 
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It is believed that this is a step in the right direction. However, the 

be m ?li^« d K "!"!, fUr+hSr impr0V6d tf the s+a " « arnln 9 device coSld no? 
5?i?i ISSl ? ! ? ndIn9 ,9 ear aural s, 9nal. As, for example, the case with a 
?! 27? « e * f ° r Sta " W ! rning - A N 9 h+ s, 9"a' ^r stall warning will do equal- 

!T + rilhI! aS S6para+ ng +he S,gnals ' Ho " ev * r » +hls ,n +u ™ may be confuted 
with other emergency warning lights. 

nm.it+il! 1? r° +ed ! h ! + , N i? A p,lo+s conduct '"9 an evaluation of the handling 
qualities of General Aviation aircraft considered the visual stall warning light 

g?are Trim r^sln? ""' '" ^ ,nstances ' +0+a,, y '"adequate as a result of 

dlstinrl^i^nnfT"^ V? f +he SUbj6Ct ° f P^vMing separate non-conflicting 
distinct warnings for landing gear position and stalls,by devices which do not 
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require a great deal of discrimination by the pilot, be placed on the agenda 
for discussion at the next Annual Airworthiness Review. 

Nose-over accidents: Many nose-over accidents oo u»red as a result of 
gear collapse or groundloop. Therefore, these accidents cannot be considered 
basically as design-i nduced pilot error. AM other nose-over accidents, which 
occurred during takeoff or landing, involved hitting soft ground, snow, etc. 
with either the nose or main wheels, whereas the accidents which occurred during 
taxiing or static operation involved a quartering trll wind, frequently with 
gusts, as the pilot started to turn into the wind after taxiing downwind. 

Considering the single-engine airplanes only, as would be expected, tall- 
wheel airplanes had a significantly higher frequency of nose-over accidents than 
did tricycle-gear airplanes. 

Among the tricycle gear airplanes there was a highly significant differ- 
ence between high-wing and low-wing airplanes. The overall nose-over accident 
frequency for low-wing airplanes was one such accident per 300 000 hours of fly- 
ing. In fact, the frequency was too low to permit a statistically significant 
cmmparison among the different aircraft in this category. 



For the high-wing tricycle 
on the type of airplane. Some had 
planes, but one very popular model 
comparable to that of airplanes wi 
particular airplane were thorough I 
der which the nose-ever accidents 
statistics of other similar airpla 
much lower accident rates. Every 
ing gear geometry, tire sizes, eg 
was concluded that there was no re 
the frequency of the accidents. 



airplanes, there was some variation depending 
an accident rate as low as the low-wing air- 
had a frequency above the mean for the group 
th tail wheel. The accident files for this 
y reviewed to determine the circumstances un- 
occurred. Also, they were compared to the 
nes (also high-wing-tricycle gear), but with 
aspect was carefully investigated (e.g., land- 
. location, pilots' experience, etc.) and it 
lationship between any of these factors and 



Accidents resulting from hard landing: The hard- 1 and ing accident type is 
defined as one involving stalling or flying into the runway. In general, the 
primary cause was described as "improper level off", but many of the accidents 
were precipitated by the following environmental or operational factors: 

Gusts, crosswinds, downdraft and turbulence. 

"Level off" too high. 

High rate of sink with improper flare. 

Bouncing or porpoising with inadequate recovery. 

Contacting the ground with nose wheel first. 

Night landings. 

Inadequate short field approach. 
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The hard- landing accident frequency of two very popular low-wing single- 
engine tr i cycle-gear airplanes was much higher than average. A substantial num- 
ber were caused by the airplane contacting the ground nose-wheel first and/or 
bouncing or porpoising. In addition, there were several accidents in which the 
pilot may have landed with the nose wheel in a crabbed attitude. In most of the 
accidents the damage was confined to the nose gear, the propeller, the engine 
mount, the cowling, and the wing tips. Relatively few of these accidents result- 
ed in damage to the main landing gear. 

Most of these accidents involved students or relatively low-time pilots. 
It might be rationalized that a relatively low-experience level was the deter- 
mining factor. 

In comparison, a very popular high-wing, tricycle-gear airplane exten- 
sively used for instruction had a much lower rate of hard-landing accidents; 
therefore, "pilot experience" should not be solely responsible for these acci- 
dents. 



(Relationship to "gear collapse") This type of accident 
failure (not a retraction mechanism failure) and it is closely i 
landings. 



s a structural 
y related to hard 



Two of the a.rplanes investigated, both tricycle gear, one high-wing, the 

other low-wing, had a very high frequency of these accidents, compared with the 

remainder of the fleet, which suggests a relative weakness of the nose-gear It- 
self, that can be improved by redesign. 

It is also interesting to note that those airplanes which had a relative- 
ly low frequency of hard landings did not have "collapsed gear"-type accidents. 

(Landing approach and flare) Two important factors influencing an air- 
plane s landing approach and subsequent flare are the approach speed, and the 
lift-to-drag ratio (L/D) in the landing configuration. 

The approach speed divided by the stalling speed (Va/Vs) is a measure of 
the excess airspeed that is required to flare the airplane. The lift-to-drag 
ratio (L/D) at a given approach speed determines the power setting required to 
maintain a fixed descent angle. The two ratios can be uniquely related, but In 
general the lower the lift-to-drag ratio, the higher the approach speed should 
be. 

One of the airplanes investigated (low-wtng, four-place) had a relatively 
high frequency of hard landings with nose-first contact and substantial damage 
to the nose gear. This was related to improper or inadequate flare, but the 
Investigation did not disclose how the design Influences this type of accident. 

Another very popular low-wing, two-place aircraft, with a limited elevator 
control designed to preclude stalls, had a frequency of hard-landing accidents 
much higher than average. The limited elevator control does not provide the 
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necessary elevator power for landing flare resulting in hard Impact. Since It 
may be impossible to avert the airplane's descent at relatively low approach 
speeds, the pilots maintained a large excess speed through the approach. This 
fast, flat approach Increases the likelihood of nose-wheel-f irst contact. 

It would appear that the pilo + is faced with a dilemma: if the approach 
speed is too high, he risks a nose-first contact; If too low, It may be impos- 
sible to flare the airplane. To make things worse, some owners limited the full 
extension of the nose-wheel strut by attaching a cable between torque links to 
avoid nose-wheel first contacts. 

Overt 1 . oot accidents: This does not seem to be a significant problem. 

Nevertheless, the study Indicates that twin-engine airplanes have a lower rate 

of overshoot accidents than single-engine airplanes. The following factors may 
be involved: 

(1) Improved glldepath control on power-on approaches. 

(2) Utilization primarily from regular airports. 

(3) Higher pilot experience and proficiency. 

The wing location (high versus low) does not make a significant difference. 

The overshoot accident frequency of two comparable airplanes, both modern 
design, four-place, low-wing, tricycle-gear type, show that one of them had a 
larger rate than the other. After analyzing all factors involved, It was found 
that most of the accidents were on grass or dirt strips, frequently wet or slip- 
pery. The airplane with a smaller rate of accidents has an Owner's Manual with 
charts showing approach speeds, touchdown speeds, and landing distances (based 
on rather low braking coefficients of 0.1 to 0.2). 

On the other hand, the airplane with a higher rate of overshoot accidents 
has an Owner's Manual which does not spell out touchdown speeds, and the landing 
distances are based' on a large braking coefficient (0.3), resulting In ground- 
rolls distances as much as three times shorter than the previous airplane. The 
manuals for both airplanes state that landing distances are for dry, hard-surfaoe 
runways. Neither provides Information on the increase in landing roll to be ex- 
pected on grass or dirt, either dry or wet. 

The ground-rolls based on the low braking coefficients can be achieved 
under most circumstances, but the ones based on the large (0.3) coefficient can- 
not be. 

Furthermore, the longer distances given for the first airplane would tend 
to discourage pilots from utilizing short fields, whereas the shorter distances 
given for the second airplane would encourage such operation. 
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Based on the above analysis, it was recommended that published landing 
roll distances be reviewed based on a more conservative braking coefficient, and 
corrected also for landing on grass or dirt strips. 

Undershoot: There was no significant variation among different air- 
planes. This type of accident is not a major problem, particularly with the 
twin-engine aircrafts. 

One model of a certain line of airplanes had a higher rate than other 
models of the same line. It was found that this particular model had an In- 
crease in weight with no change In flap configuration, resulting In approxi- 
mately 5% higher stall speed. The approach speed In the Owner's Manual, how- 
ever, was not changed, resulting In a reduced margin above stall. Numerous 
pilot statements related the undershoot accidents to "down drafts or gusts" en- 
countered on the final approach. It appears more probable that the pilot, in- 
stead, encountered a rapid increase In the rate of sink. 

An improved flap was introduced in production in 1961; the statistics 
for the new models indicate a much lower rate of undershoot accidents. It is 
recommended that the approach speed for the earlier model be increased to com- 
pensate for the heavier weight. 

Conclusions: 

(Powerplant failure or malfunction) Separate selector switches for fuel 
tanks and fuel quantity gauges have resulted in the pilots selecting a tank 
other than that supplying the engine. Location of the fuel-selector valve 
lever in c position not readily accessible to the pilot has resulted in mis- 
positioning and/or failure to reposition the selector lever. 

Engine operation from one tank until the tank is completely empty, as 
recommended in some Owners Manuals, and failure of the engine to recover 
quickly after a tank with fuel is selected, have been factors in some accidents. 
It appears that the time required for recovery of full power in service 
operation is appreciably greater than that demonstrated in tests and required 
by FAR 23, especially on low-wing airplanes with fuel injection systems. 

Laci< of standardization of fuel selector controls, and especially the 
use of similar controls with opposite sensing Is a factor in Inducing mis- 
positioning of the selector. 

(Accidents Involving Stall, Spin, Spiral, Mush) The frequency of acci- 
dents of this type to airplanes certificated under CAR 4a is significantly 
higher than to airplanes certificated under CAR 3 and FAR 23 

For single-engine airplanes certificated under CAR 3/FAR 23, 64% of all 
accidents of this type occurred during initial climb on take-off or go-around. 

Cross-winds appeared to be a major factor in stalls on take-off and 
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go-around for at least one of the airplane types studied. 

Take-off data in Owners Manuals were found to be Inadequate In general, 
and this appears to be a factor In many stall accidents on take-off that are 
charged to pilot error. 

In general, stall accidents are not a problem on twin-engine airplanes. 
One airplane model did have an accident frequency appreciably higher than the 
others, primarily involving inadvertent spins in single-engine operation. 

(Ground-Loop Accidents) Tricycle gear airplanes in general had a 
significantly lower frequency of ground-loop accidents than airplanes with tail 
wheels. 

Two airplanes with tricycle gear had a ground- loop accident frequency 
significantly higher than any other airplane of this configuration, and com- 
parable to that of tail-wheel airplanes. 

It appears that the relatively high ground-loop frequency of the above 
two airplanes may have been influenced by detail design of the nose-gear con- 
figuration. 

(Accidents involving retractable landing gear). The majority of accidents 
related to inadvertent retraction involved qualified pilots who inadvertently 
operated the landing gear control instead of the wing-flap control. 

Pilots may be placing considerably more reliance on landing gear safety 
switches than is warranted. In any event the degree of protection deserved to 
preclude inadvertent retraction and that actually afforded, should be reviewed, 
resolved, and clarified at the next Annual Airworthiness Review. 

Automatic dimming of the landing gear position lights, when navigation 
lights are turned on, can induce pilot error under certain conditions of light. 

Pilots are apparently relying more on the aural warning signal rather 
than lights to detect an unsafe gear condition. In many instances, however, 
the warning horns did not function for various reasons. In addition, power 
approaches have precluded the horn from being heard until too late to prevent 
a wheels-up landing. 

Tripped landing-gear circuit breakers combined with malfunctioning 
landing-gear position lights or malfunctioning aural warning systems tend to 
induce pi lot error. 

In practice, pilots experience some difficulty in distinguishing the 
intermittent regular landing gear aural signal from the intermittent Irregular 
stal I warning. 

(Noso-over accidents) First type nose-over accidents are not a problem 
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on the twin-engine airplanes or the single-engine, low-wing airplanes with 
tricycle landing gear studied in this report. H 

One high-wing tricycle gear airplane had a first type nose-over accident 
frequency that was significantly higher than that of any other airplane of tM« 
configuration, and comparable to the frequency of airplanes with tail wheels 
Factors involved in the accidents to this oneairp.ane are discussed in ill 

h,w!n„ iK! r K,'u nd i n f S) A revIew of +he acc f d «nts i nvo I v I ng two airplanes 
h?c!?LI * 9heS I frec ' uenc y of hard landings (both tricycle configurations) 
pi?*i?!!? u M qU ? nt ° cc " rre ? ce , of ^9* to the nose gear and related structure. 

|8| V few ln .Y olved maI " l^ing gear damage such as might be sustained 
under severe vertical impact loads. 

(Overshoot accidents) Some airplane Owners Manuals do not contain in- 
formation or correct, on factors for landing distances on other than dry, hard 
surface runways, nor do they specify the touchdown speeds upon which such 
distances are based. In addition, the landing distances given in at least one 
manual do not appear compatible with the proficiency of General Aviation pilots 
sho?t W f lelds? ^ ' UenCe +h6 overshoo+ b V encouraging landings in relatively 

(Undershoot accidents) Only two of the airplanes in the study had a 
significant frequency of undershoots. The causes of those involving one of the 
airplanes appeared related to inadequate approach speeds which may have been 
based on information in the airplane flight manual. 

Note: The preliminary design of a Far Term conceptual airplane was 

influenced by the findings of this report. The airplane illus- 
trated in F gure 146 on page 209, features tricycle landing gear 
™k !? W W, E! c ? nf !9 ura+i °n- Additionally, to minimize post- 
crash fire, the fuel is carried In the outboard wing panels. 
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Cost Considerations 



Before initiating the actual predesign of the conceptual aircraft In Phase 
II, several cost analyses were undertaken to determine; (1) the operating cost 
sensitivity of such items as configuration, selection of structural concept, 
and saving a pound of weight; (2) the relationship of structural cost to the 
overall price; (3) the effect of labor savings and/or mass production. The 
above analyses are discussed in detail in the order listed: 

Operating costs 

Fixed versus retractable landing gear 

Reciprocating versus turboprop engines 

Fixed pitch versus constant speed propellers 

Strut-braced versus canti levered wings 

Value of a pound saved 

Airframe costs 

Consumer price breakdown 

Effect of l a b or sa vings/mass production 

Operating costs .- The operating cost of any airplane or helicopter is 
made up of: (1) indirect or fixed costs which accrue whether the aircraft is 
flown or not; and (2) direct operating costs which are strictly a function of 
flying time. 

Referring to Figure 59, the fixed indirect operating costs (I.O.C) include 

COST OF OWNING & OPERATING VS AMOUNT OF FLYING 
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such items as hangar rent, insurance, depreciation, interest, and tax, The 
variable direct operating costs (D.0.C.\ include such items as fuel, oil 
maintenance, and engine and propeller overhaul. The total operating cost 
(T.O.C.), for any particular utilization rate, is the sum of the I.O.C. and the 

Several configuration variations will be analyzed In the following para- 
graphs, on the basis of operating cost. When comparing the operating costs of 
two or more aircraft, it is convenient and of particular significance to de- 
termine if, and at what utilization rate, the respective T.O.C.U are equal. 

I ID 6 S*2 ,C * I s are equal ' +here wlM never be a break-even point. Conversely, 
if the D.O.C.'s are unequal, there will be a break-even point, or point of equal 
total operat ng cost (T.O.C.). Referring to Figure 59 , a second aircraft, with 
a different I.O.C.& D.O.C., is Indicated in broken lines. The resultina 
'break-even point" is indicated. 

Figures 60, 61, and 62 illustrate the relative magnitudes of the various 
operating costs for a typical light airplane, light piston powered helicopter 
and light turbine powered helicopter. Note that operating costs are presented 
in terms of both dollars per hour and dollars per mile. 

OPERATING COST BREAKDOWN FOR TYPICAL LIGHT 4-PLACE AIRPLANE 

(333 HRS/YR UTILIZATION) 
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. Fixed versus retractable landing gear .- To determine the relative eco- 
Ihrlf a f SOC, f ed !' th fiX6d and retrac +^le landing gear light airplanes, 
three pairs of contemporary airplanes, designated A, B, and C, were compared. 
These airplane pairs are nearly Identical, respectively. 

TABLE VIII. - FIXED VS RETRACTABLE LANDING GEAR, 
PERFORMANCE COMPARISONS FOR THREE AIRPLANE PAIRS 



ITEM 



Designation 

Basic price 

Top speed 

Cruise speed 

Range 

Empty weight 

Useful load 

Gross weight 

Rate of cl imb 

Service eel I ing 

Engine 

Prope 1 1 er 



Designation 

Basic price 

Top speed 

Cruise speed 

Range 

Empty weight 

Useful load 

Rate of cl Imb 

Service cei I ing 

Engine 

Propeller 



Designation 

Basic price 
Top speed 
Cruise speed 
Range 

Empty weight 
Useful load 
Gross weight 
Rate of climb 
Service cei I ing 
Engine 
Propel ler 



Fixed Gear 



$23,995 
174 mph 
163 moh 
910 s. mi. 
1785 lbs 
1810 lbs 
3600 lbs 
920 fpm 
14,800 ft 
285 hp 
Constant Speed 



B, 



$14,995 
147 mph 
139 mph 
800 s. mi. 
1475 lbs 
1100 lbs 
780 fpm 
12,000 ft 
180 hp 
Constant Speed 



u f 
$13,900 
152 mph 
143 mph _ 
760 s. mi. 
1270 lbs 
1130 lbs 
2400 lbs 
750 fpm 
16,400 ft 
180 hp 
Fixed Pitch 



Retract. Gear 



A 

r 

$25,975 
198 mph 
190 mph 
1010 s. mi. 
1865 lbs 
1435 lbs 
3300 lbs 
1115 fpm 
18,300 ft 
285 hp 
Constant Speed 



$18,250 
190 mph 
178 mph 
920 s. mi. 
1525 lbs 
1050 lbs 
800 fpm 
17,200 ft 
180 hp 
Constant Speed 



In general, tt can 
have a greater rate of 
to the lower drag. (2) 
useful load, al lowable 
The rellabi llty of the 



$16,900 
170 mph 
162 mph 
995 s. mi. 
1380 lbs 
1120 lbs 
2500 lbs 
875 fpm 
15,000 ft 
160 hp 
Constant Speed 



Difference 



$1,980 
24 mph 
27 mph 
100 s.ml. 
80 lbs 
375 lbs 
300 lbs 
195 fpm 
3500 ft 



$3255 
43 mph 
39 mph 
120 s. 
50 lbs 
50 lbs 
20 fpm 
5,200 ft 



mi 



$3,000 

18 mph 

19 mph 
235 s. mi 
110 lbs 
10 lbs 
100 lbs 
125 fpm 
1400 ft 



be concluded that: (1) The retractable gear airplanes 
climb, range, service celling, and cruise speed, all due 

The fixed gear airplanes have in general a greater 
gross weight, and a lower empty weigh* and price. (3) 
airplane is reduced when a hydraulic or mechanical 
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system is added and maintenance costs are Increased. (4) The insurance rates 
are higher because the retractable gear costs more, and there Is always a 
chance of gear-up landings. (5) With the trend away from tail wheel gear 
toward tricycle gear, retraction becomes more desirable in order to reduce drag. 

The cost of owning and operating versus utilization rate was determined 
for these three airplane pairs. Direct and Indirect operating costs (per year) 
we»-e plotted against miles and hours per year to determine their break-even 
points. I.e., the utilization at which the sum of the lower Indirect and higher 
direct operating costs on the fixed gear airplane equal the sum of the higher 
indirect and lower direct operating costs on the retractable gear airplane. 
See Figures 63, 64, and 65. 

Due to the difference between the depreciation rate normally used during 
the first five years of ownership and that normally used thereafter (I.e., 12$ 
and 5%, respectively), break-even points were determined for both of these 
conditions. For the first five years of ownership, the break-even points for 
the three airplane pairs are: 



Pair 

A 
B 
C 



Mi les/vear 

32,400 
75,600 
98,200 



Hours/year (fixed) 

199 
544 
686 



Hours/vear (retractable) 

170 
425 
606 



are: 



Similarly, the break-even points for ownership after the first five years 



Pair 

A 
B 

C 



Mi les/vear 

26,600 
42,000 
49,600 



See appendix K 



Hours/vear (fixed) Hours/vear (retractable) 



163 
302 
347 



140 
236 
306 



o- 



The preceding break-even points would be reduced if the value of a man's 
time saved is considered. Many methods of determining the value of his time 
could be used, but a generally accepted formula Is: 

VMH (or value per man-hour) = 2.5 x yearly ernings/2000 hours 

Referring to Figure 66, and recognizing the value of a man's time, the 
resulting affect on airplanes B r and Bf is an earlier break-even point from 
75600 miles/year to 9070 miles/year. This new break-even point, converted to 
hours per year for each airplane is: 

A f = 9070 mi/yr t 139 mi/hr * 65 hr/yr 

A r = 9070 mi/yr t 178 ml/hr = 51 hr/yr 

There can be no doubt then, of the economy provided by a retractable 
landing gear airplane. 
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OPERATING COST VS UTILIZATION RATE FOR AIRPLANE PAIR A 
(with fixed and retractable landing gear) 
—| 
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Figure 63 
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OPERATING COST VS UTILIZATION RATE FOR AIRPLANE PAIR B 
(with fixed a nd retractable landing gear) 
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Figure 64 
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OPERATING COST VS UTILIZATION RATE FOR AIRPLANE PAIR C 
(with fixed and ret ractable landing gear) 
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Figure 65 
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OPERATING COST VS UTILIZATION RATE WHEN CONSIDERING THE VALUE OF A MAN'S TIME 
(for airplane pair B, with fixed and retractable landing gear) 
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lowest breakeven nkill P ?k? f the , retrac+ab ' e 9«ar airplane A r has the 
In^H h?« !? ? i I* ThiS ' S due P rlmarl| y to (1) the significant cruise 
speed d fferential between A r and Af; (2) The fact that a lower interest rate 
is ava.lab.e on the A r airplane, which Is in a higher pNce category till?, 
[' B r f '°r' and °fi and (3) the fact that the A airplanes have direct operat- 
ing costs from one and one-half to twice that of the other airplane pal?s 

_ ?? Ci P rocatin q ^rsus turbo-Drop engine aim I an* - Figure 67 compares 
?nTw^n* V° r tu [ b °-P r °P versus reciprocating engine powered airplanes. 
orl] I hen coders! ™ ^^ + ° ^ ™* *"* M +h ° S ° USed ,n ™^ L 

TYPICAL OPERATING COSTS VS UTILIZATION FOR RECIPROCATING AND TURBINE AIRPLANES 
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Inspection of the rota I operating cost for the reciprocating engine- 
powered airplane and the turbine -powered airplane in Figure 67 clearly indicates 
that the rec.procating engine airplane is the logical economic choice. See 
Appendix L . 
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The reasons for the turbine airplane f s higher costs are as follows: (1) 
The initial cost of the turbine engine is approximately $13,000,00 more than 
for a reciprocating engine (250 hp); probably because of higher material costs 
and lower production rates, (2) The overhaul cost for the turbine engine 
(based on a 1500 hr TB0 or time before overhaul) is higher than for a recipro- 
cating engine. 

Figures 67 illustrates that the total operating cost curves for the turbo- 
prop and reciprocating engine airplanes diverge. Therefore, at present day 
costs, it is always more expensive to own and operate a single-engine turbo - 
prop I ight airplane. 

Fixed pit ch versus constant speed propel I er .- The cost of owning and oper- 
ating airplanes with fixed pitch and/or constant speed propel I ers (and which 
approximate the airplane guidelines in Appendix M) was determined and the 

TABLE IX - TYPICAL OPERATING COSTS FOR AIRPLANES WITH FIXED PITCH AND 
CONSTANT SPEED PROPELLERS 



Item 



Consumer price 
Direct operating costs (hrly) 

Fuel (643* per gal Ion) 
Oil (3/4 pint/hr @60*/qt> 
Inspection & ma int. 
Engine & prop, overhaul 

(1200 hrs) 
Total direct operating costs 

Cruise speed 
Cost per mi le 
Gross weight 
Horsepower 

Indirect operating cost (yrlv) 

Hangar rent ($40/mo.) 
Insurance (4% + $215) 
Depreciation (\2% x price) 
Tax ($7.70/1000 valuation) 
Interest (80* x price x 5.5*) 
Total indirect operating costs 

Wing area 



Constant speed 
propel ler 



$17,000 * 



11.47 gph 



4.93 

.22 

1*72 

2.50 
9.37 



150 mph 

3014 lbs 
250 hp 



$ 480 

895 

2040 

131 

748 

$4294 



208 ft' 



Fixed pitch 
propel ler 



$16,800 * 



11.89 gph 



5.11 
.22 

1.75 

2.33 

9.41 



150 mph 

3100 lbs 
250 hp 




244 ft 



*The net difference in consumer prices Includes propeller cost difference 
(for the constant prop, assy, governor and prop, controls * $600) and cost of 
additional wing area - $400. Assuming equal performance on both models. 
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results are listed in Table ix. The analysis indicates that a constant soe»d 
propeller is more desirable, for the following reasons: constant *pe*d 

(1) Lower direct operating costs. 

(2) Smaller wing (less 36 ft 2 ). 

(3) Lighter airplane (less 86 lbs). 

llM\ S a ?!! yS i! +h ! P erformance was held constant and the configuration was 
c^rgurat?o k rchan2es? ,,mb ^^^ ^ ^ C ° nd,t, ° nS ^ neces^atTthe 

+ . ™ e f on !? a [ 1+ s P eed Propeller costs approximately $600 more.as an option 

h f ;^ ltch i J u+ th * additional wing area and weight cost on the fixed 
pitch a rplane costs approximately $400. Therefore, the Initial cost dffer- 
ential „ approximately $200 more for the constant speed propeMer airplane' ■ 

TABLE X - TYPICA^OPERATING COSTS FOR CANTILEVERED AND STRUT-BRACED WING 



Item 



Direct operating costs (hrly) 



1967 Model 
Cant I levered 
Wing 



Fuel (43«/gal) 
Oil (3/4 pt/hr at 60*/qf) 
Inspection & maint. 
Engine & Prop, overhaul 
Total direct operating costs 

Consumer price 
Indirect operating costs (yrly ) 

Hangar rent ($40/mo.) 

Insurance 

Depreciation 

Tax 

Interest 

Total Indirect operating costs 

Cruise speed 
Cost per mi le 



$ 6.71 
.22 

1.75 

3.83 

$12.51 

$ 26,864 * 



$ 480 

1289 

3224 
207 

1020 
$6220 

192 mph 
$.0651/ml 



15.6 gph 



1966 Model 

Strut Braced 

Wing 



$ 6.79 
.22 

1.75 

3.83 

$12.59 

$ 25,975 



$ 480 

1254 

3110 

200 

989 

$6033 



15.8 gph 



Break-even point 



190 mph 
$.0663/mi 



*Reducea from $27.975 to exclude 



Cant! lever strut braced 
.0651 d + 6220 = .0663 d + 6033 
d = 156,000 mlles/yr 
i or 813 hour/vr 

Infla-rlon and style changes '.— *^— 
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Strut-braced versus canti levered wings ,- The analysis of strut-braced 
wings versus canti levered wings resolves into two main considerations: 

(1) Increased initial price for canti levered wing. 

(2) Direct operating cost savings realized by canti levered wing. 

Referring to Table X , the consumer price for a typical canti levered model 
is $2,000,00 higher than the price for a comparable (earlier) strut-braced 
model. Twelve hundred twenty dollars of this difference were attributed to the 
canti levered wing and styling changes. The remainder was attributed to 
inflation. To rationalize the increased expenditure, the owner of a canti- 
levered wing airplane would have to increase his flying time per year to 813 
hours, which is 4.7 times more than the 175~hour average for U.S. General 
Aviation. 

Referring again to Table X , the pure operating cost savings of $40.00 
do not justify the indicated increase In consumer price, unless the airplane 
is utilized more than 813 hours per year. 



Airframe cost.- The pr i ■. e per pound of empty weight for most of the light 
production is plotted against empty weight in Figure 68, 

(1) That reciprocating engine pow- 

(2) that tur- 



hel i copters i n U.S 

The only conclusions that can be drawn are: 

ered helicopters cost between $23.00 and $33.00 per pound empty; 

bine powered helicopters cost $60.75 and $75.75 per pound empty; and (3) that 

the price per pound empty of helicopters is apparently not a function of empty 

weight. 

CONSUMER PRICE PER POUND (EMPTY) VS EMPTY WEIGHT 
$/kg $/lb (1967 General Aviation Helicopters) 
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The price per pound of empty weight for most of the light airplanes in U.S. 
production is plotted against empty weight in Figure 69. It varies from about 
$8.00/lb to about $27.00/lb. 



$/kg 
60 
SO 
40 
30 
20 

10 





CONSUMER PRICE PER POUND OF EMPTY WEIGHT VS EMPTY WEIGHT 

$/lb (LIGHT AIRPLANES) 
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EMPTY WEIGHT ,0 °° Figure 69 

CONSUMER PRICE PER POUND OF EMPTY WEIGHT 
VS MAXIMUM SPEED 



lb 



2000 kg 




I, 
2. 
3. 
4. 
5. 
6, 
7. 
6. 
9, 
10. 
M. 
12. 
I J. 
U. 
15. 
16. 
17. 
1ft. 
19. 
20. 
21. 
22. 
2). 
24. 
29. 



2a. 

29. 
50. 
31. 
32. 
33. 
3'. 
35. 
36. 
37. 
3ft. 
39. 
40. 
41. 
42. 
43. 
44. 
45. 
46. 
47. 
40. 
49. 
SO. 
5t. 
92. 
53. 
54. 
55. 
56. 
57. 
SB. 



WHO COMMANDER too 
AERO COMMANOCR 200 

aero commander soo u 

ALON A2 AlRCOUPE 

KECH BARON 155 

KECH BARON CSS 

KECH BARON 56TC 

KECH BONANZA V35 

BEECH BONANZA V35TC 

BEECH DEBONAIR C33 

BEfCH DEBONAIR C3SA 

BEECH MUSKETEER CUSTOM 1 1 1 

KECH MUSKETEER SPORT 1 1 1 

KECH MUSKETEER SUPER 1 1 1 

KECH TRAVEL AIR D9SA 

KLLANCA 260C 

KLLANCA VIKING 300 

CESSNA 401 

CESSNA ISO 

CESSNA 172 

CESSNA 182 

CESSNA 210 

CESSNA SUPER SKYMASTER 

CESSNA 3I0L 

CESSNA SKYNICHT 

CHAMPION 7ECA 

CHAMPION 7GCA-A 

HELIO COURIER 

HELIO SUPER COURIER 

LAKE LA-4 

MAULE M-4JETASEN 

MAULE M-4R0CKET 

MOONEY MASTER 

MOONEY MARK 21 

MOONEY SUPER 21 

MOONEY EXECUTIVE 21 

MOONEY MUSTANG 

KAVION MOOEL H 

BOLNON JUNIOR 

PIPER PA 18 

PIPER CHEROKEE 140 

PIPER CHEROKEE 150 

PIPER CHEROKEE 160 

PIP£R CHEROKEE CtftO 

PIPER CHEROKEE 235B 

PIPER CHEROKEE SIX 

PIPER CHEROKEE 300-SIX 

PIPER COMANCHE B 

PIPER TWIN COMANCHE B 

PIPER AZTEC C 

PIPER NAVAJO 

TURBO THIN COMANCHE 6 

PIPER TURBO A2TEC C 

PIPER TURBO NAVAJO 

RILEY TURBO ROCKET 

MACO TS250 

WACO S220 

WREN 460 



a 



MAXIMUM SPEED 



300 mph 
400 km/hr 
Figure 70 

The price per pound of empty weight of most of the light airplanes in U.S. 
production Is plotted against maximum speed, In Figure 70. The cost varies 
from about $6. 00/ lb at 115 mph. to $27.00/ lb at 300 mph. 
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UNIT AIRFRAME COST VS WEIGHT EMPTY 
(Light-single engine airplanes - 1967) 
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Figure 71 
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The cost per pound of airframe for some representative light airplanes 
In U.S. production is plotted against empty weight In Figure 7*1. 
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UNIT AIRFRAME COST VS AIR SPEED 
$/lb. (Light-single engine airplanes - 1967) 
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Figure 72 
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The cost per pound of airframe for some representative light airplanes In 
U.S. production is plotted against maximum speed In Figure 72. It varies from 
$3.90/16 to $9.25/lb. 
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Based on manufacturer's suggested retail prices and on catalog wholesale 
prices, the airframe (structure) cost of the various main components of typical 
light airplanes has been determined. Figure 73 Illustrates the cost per pound 
of structure for: the wing, tall group, fuselage, and landing gear. 



TYPICAL COST OF STRUCTURE 
(In dol lars per pound) 




Figure 73 



From Suggested Retail 
Price (Parts Lists) 

From Estimations Based 
on Wholesale Catalogs 
and Telecons 



Va ue of a pound saved.. To determine the worth of a pound saved on a 
light a rplane, two contemporary light airplanes, having Identical powerplants 
and cruise speeds but different gross weights, were compared (for a twenty- 
year service I Me and a 333-hours-per-year utilization rate). See Table XI. 

Airplane B Is 140 pounds lighter than airplane A, by virtue of a greater 
design effort expended on a greater quantity of Individually lighter detail 
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TABLE XI -VALUE OF A POUND SAVED (for a 20 year service life) 





SPECIFICATIONS 


AIRPLANE A (HEAVIER) 


AIRPLANE B (LIGHTER) 




Weight 

Cruise speed 
Engine hp 
Fuel consumption 
Consumer price 


3014 lb 
150 mph 
250 hp 
11.47 gph 
$17,000 


2875 lb 
150 mph 
250 hp 
11.25 gph 
$XX,XXX (see below) 




DIRECT OPERATING COSTS 
(HOURLY) 








Fuel and oi 1 
Maintenance 
Engine overhaul 


$5.34 
$2.35 
$1.88 


$5.25 
$2.35 
$1.88 




Total D.O.C 


$9.57/hr 


$9.48/hr 




INDIRECT OPERATING COSTS 
(YEARLY) 








Hangar rent 
lnsurance(4$ + $215) 


$480 
.04 x $17000+1215 = $895 


$480 
.04 x Price + $215 = 




Depreciation(5yr,405J 
residual ) 








First 5 years 
Last 15 years 


.12 x $17000 = $2040 
.35/15 x $17000 = $ 397 


.12 x price = 
.35/15 x price = 




Tax ($7.70/1000 value) 


.0077 x $17000 = $ 131 
.044 x $17000 = $ 748 


.0077 x price 

.044 x price = 




Tnferest (first 5 years 
only @ 80$ x 5.5%) 




Total I.O.C. 




i 




First 5 years 
Fol lowing 15 yrs 


.1717 x$17000+$695 
.3607 x$17000+$695 


.1717xprice+$695 = 
.3607 xprice+$695 * 



parts. Additionally, these parts are likely made from structurally more effici- 
ent, and more expensive, materials. 

The direct operating cost of the heavier airplane A Is $0.09 more than 
that of the lighter airplane B, due entirely to the greater fuel consumption 
of airplane A. 

The Indirect operating costs of the lighter airplane B are greater stnce 
they are identical respective functions of a higher consumer price. 
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The higher consumer price of the lighter airplane B Is solved for by 
equating the total operating costs for the two airplanes, In terms of consumer 
price for airplane B. I.e., 

Assuming: No interest after 5 years and, 

Depreciating to 5% (scrap value). 



(T.O.C.K - (T.O.C.) 



B 



$ S 

20yr(333hr x^ +.0477 x $ 17000 + $ 695)| f20yr(333Hr x^ +.0477 x price + $ 695) 

+ 5yr(.12 x $ 17000 +.044 x* 17000) >=<{+ 5yr(.12 x price +.044 x price) 

+ 15yr(.35/15yr x *17000) '' "••-' ->'•"■- ■ ■ 



$ 93 854 

13 940 

5 950 

$113 744 

2.124 price 

Price 



) + 15yr(.35/15/yr x price) 

' .954 price + $77 037 
.820 price 
.350 price 



»s< 



2.124 price + $77 037 
= $113 744 - $77 037 
= $17 284 



$284 = $2.03/ lb 



140 lb 



The price differential for airplane B, at which the higher Indirect 
operating costs exactly compensate the lower direct operatings costs, represents 
the dollar amount that can be spent for its 140 pounds of weight saved. I.e., 
$17284 -$17000 = $284 for 140 pounds saved, or $2.03 per pound. 

Note that the $2.03/pound Is for a 333 hours/year utilization rate and a 
20-year service life. The worth of a pound saved is directly proportional to 
service life and utilization rate. Refer to Figure 74 for dollar value per 
pound saved, for service lives and utilization rates, ranging from five to 
thirty years and from 100 to 900 hours per year, respectively. 

The same process was repeated for both piston-powered and turbine-powered 
helicopters, the results of which are illustrated In Figures 75 and 76. 

Consumer price breakdown.- The consumer price of a typical four-place 
airplane (approximately $17,000) Is broken down both by dollar and by percent- 
age of total In Table XII. The airframe fabrication cost represents approx- 
imately 36* of the consumer price. Dividing the airframe fabrication cost 
by Its AMPR, or airframe weight, yields a unit airframe cost of $6.75 per 
pound. r 
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WORTH IN DOLLARS PER POUND OF WEIGHT SAVED (LIGHT AIRPLANE) 
$ 



6.00 

5.00 

DOLLAR VALUE 
PER POUND 4.00 
SAVED 

3.00 
2.00 
1.00 



SERVICE LIFE (years) 
Figure 74 



900 hr/yr 



600 hr/yr 




333 hr/yr 



175 hr/yr 



100 hr/yr 



WORTH IN DOLLARS PER POUND OF WEIGHT SAVED (PISTON-HELICOPTER) 

T 



8 $ 50.00 



> 
< 



UJ 

3 

s 

-J 

s 



40.00 



30.00 



20.00 



10.00 




10 20 
SERVICE LIFE (years) 

Figure 75 



900 hr/yr 



600 hr/yr 



333 hr/yr 

175 hr/yr 
100 hr/yr 
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WORTH IN DOLLARS PER POUND OF WEIGHT SAVED (TURBINE-HELICOPTER) 

900 hr/yr 



a. 2 
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^ CO 




10 20 
SERVICE LIFE (years) 
Figure 76 



600 hr/yr 

333 hr/yr 
175 hr/yr 
100 hr/yr 



30 



TABLE XII - COST BREAKDOWN OF A TYPICAL LIGHT AIPPLANE 






Item 

Direct Labor - 630 hours (6 $2.70/hr) 

Overhead ( 130% of $1,700.00) 

Material - Airframe 

Equipment ($2420 Engine; $375 Prop.; $1305 Other) 

Sub-Total 
Direct, Sales, and General Administrative 
Expenses (32% of $8,775.00) 

Sub-Total (Manufacturing Cost) $ 
Factory Profit (10$ of $11,585.00) 

Total Dealer's Cost $ 

Distributor and Dealer Mark-up 
(33% of $12,744.00) 

Total Cost 1o Customer $ 

AIRFRAME FABRICATION COST ANALYSIS 

Airframe Labor (80% of Direct Labor) 

Airframe share of Overhead (80% of $2,210 + $2,810) 

Raw Materials 

Airframe Fabrication Cost 

* AMPR Weight Is assumed to be 910 pounds. 



$ 8,775.00 

2.810.00 
$ 11,585.00 

1.159.00 
$ 12,744.00 

4.256.00 
$ 17,000.00 





Dol lars 


Percent 
Total 


$ 

if) 


1,700.00 

2,210.00 

765.00 

4.100.00 


10.0 

13.0 

4.5 

24.2 



51.7 

16.5 

68.2 

6.8 

75.0 

25.0 
100.0 



$ 1,360.00 

4,015.00 

765.00 

$ 6,140.00 



Unit Airframe Cost; 



$ 6,140.00 
910 lbs 



- $ 6.75/lb 



* AMPR weight Includes Empty Weight less the following Items: wheels, 
brakes and tires, engine (Incl. carb. air box), starter, propeller 
and spinner, instruments, navigation equipment, battery and generator, 
electronics, cabin heat and vent. 
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Figure 77 illustrates this same breakdown. It should be noted that, al- 
though airframe labor and raw material represent only 12.5* of 1he consumer 
price of typical four-place, single-engine airplanes, this has a much farther- 
reaching effect on the total price of the airplane; i.e., dealer's markup, 
manufacturer's markup, and overall burden (the sum of which represents 6). 5% of 
total price) are all functions of airframe cost. These effects are described 
quantitatively In Appendix S. 

TYPICAL CONSUMER PRICE PERCENTAGE BREAKDOWN 
OF A FOUR-PLACE SINGLE-ENGINE AIRPLANE 



Hardware, i nstruments 
4 systems 1056 



Manufacturers 
markup 6.8% 




Raw material 4.5% 



Scope of 
this study 
12.5% 



Airframe labor 8% 
Other labor 2% 



Figure 77 



3t 'A.:'. 



Similarly, the consumer price of a typical *our-place light helicopter (ap- 
proximately $60,000) is broken down by dollar and by percentage of total in 
Table XIII. The airframe fabrication cost represents approximately 38% of the 
consumer price. Dividing the airframe fabrication cost by its AMPR weight 
yields a unit airframe cost of $19.20 per pound. 

Figure 78 graphically Illustrates the breakdown in Table XIII. Here, as 
in the airplane pie-chart, the airframe labor and raw material represent only 
17.6% of the consumer price of the typical light helicopter, but affect other 
constituents of the consumer price. These items, representing 48% of the con- 
sumer price, are: burden, G4A expenses, taxes, and markup. 
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TABLE XIII - COST BREAKDOWN OF A TYPICAL LIGHT HELICOPTER 



1 



1 f j 



<r 



*" „ ••*"& 



Item 



Direct labor 3050 hours at $2.85/hr 

Overhead at 130 percent 

Ma i n rotor & ta 1 1 rotor 

Materia I -airframe 

Equipment (engine, lnstr.,etc.) oil tanks, 

fuel system, electrical, power controls 

Subcontractor fabrication & assembly 

transmission & tail rotor gear boxes 

Sub-Total 
Indirect, sales, and general administrative 
expense at 10 percent 

Sub -Total 
Profit at 3.06 percont 

Total manufacturer's cost 
Distributor and dealer mark-up at 25$ 

Total cost to customer 



Pol lars 

8690 

11300 

1040 

3490 

10430 

7040 
41990 

4200 
46190 

1410 
47600 
11900 
59500 



Percent 
Vral 



14.6 

19.0 

1.8 

5.9 

17.6 

11.8 
70.7 

7.1 
77.8 

2.3 
80.0 
!9.9 

Too.o 



AIRFRAME FABRICATION COST ANALYSIS 

Airframe share of direct labor *80$ x 8690 6952 

Airframe share of overhead *80$ x 11300 9050 

Airframe share of indirect, sales, G&A expense(80$ x 4200)* 3360 

Airframe material 3490 

Total airframe fabrication cost 22852" 



Unit airframe cost 



total airframe cost _ 22852 
airframe (AMPR) weight = 1190 

* Estimate based on light airplane data. 



= $19.20/lb 



Effect of labor savings/mass production .- As indicated previously, the 
cost of labor involved in manufacturing a light airplane (or any product for 
that matter) affects other portions of the total price. The change In consumer 
price, resulting from reductions In airframe fabrication labor, has been, 
calculated and is Illustrated In Figure 79. This plot was based on the follow- 
ing three assumptions: 

(1) That manufacturer and dealer mark-ups would remain a constant 
percentage of consumer price (i.e., 6.8$ + 25$ = 31.8$). 

(2) That raw materials and purchased hardware cost would remain 
constant regardless of labor savings. 

(3) That overall burdan (I.e., overhead, sales, and G&A expense) 
is 2.95 times labor. 
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TYPICAL CONSUMER PRICE PERCENTAGE BREAKDOWN 
OF A FOUR-PLACE RECIPROCATING ENGINE HELICOPTER 



"a-:,- 



Manufacturers 
markup 2 




Other labor 
2.9* 



Scope of 

this study 

17.6* 



Main rotor & 
tall rotor 1.8* 



Hardware, 
Instruments 
A systems 6* 



Raw material 
5.9* 



Figure 78 



NOTES: a. The 2.95 Is derived from data In Table XII, I.e., 

$2,210 + $2.810 _ Q . 
$1,700 " 2 - 95 

b. General formula used was: 

CP n » <L n + 2.95 L R + M + E) + .318 CP R 
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Substituting: 
CP„ = 



3.95 L n + 4865 
J582 



CP n = 5.8 L n + 7140 



Then converting to percentages: 



Where: 



CP n = Consumer Price - new 
CP Q = Consumer Price - original 



« 10 L, 



$17,000 



CP 
CPT 



n _ 



CP 



CP C 
Ca I 1 1 ng : 

Then: 



5,8 L n , 7140 
cp CP Q 



5<8 L n 7140 
10 L Q CP Q 



L n = Labor - new 

L Q = Labor - original 

M = Materials = $765 

E = Equipment = $4,100 



u n _ 



and 



CP, 



■ y 



y = .58x + .42 



., Ix US i !L labor a PP roaches z ero, the resulting consumer price approaches 
a limit of 42?. Obviously, the 100* savings In labor can only be approached 
through automation 

PRICE EFFECT OF LABOR SAVING 
^ Contemporary production 



Q. 

CC 
LU 

§~o 



& 




< o 

o » 

§^ 

LU 
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!i 
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Hi 
0- 




PERCENT OF ORIGINAL LABOR (x> 
Figure 79 
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The following method of estimating potential price reductions resulting 
from very high labor savings (I.e., as the result of mass production), approxi- 
mates the above estimate of 42%. The General Aviation single-engine, four- 
place light aircraft is really no more complicated or sophisticated than to- 
day's automobile. As an example, there is nothing on a light, General Aviation 
aircraft that Is any more complicated than an automobile automatic trans- 
mission or a power brake unit. Some aircraft Instruments are quite complicated 
and sophisticated, but mass production has proven itself In comparable sophis- 
ticated domestic products, such as remote control automatic tuning color tele- 
vision (e.g., consumer price of color television has been reduced by mass 
production from $1 ,500/$2,000 to less than $300.00). 

Therefore, on the reasonable assumption that General Aviation light air- 
craft and automobiles are transportation vehicles of comparable complexity, 
the following dlmenslonless relationship has been generated to equate the two: 



$/lb 



auto 



$/lb 



$/lb 



= K 



aircraft 



steel 



$/lb 



aluminum 



This equation indicates that, for vehicles of comparable complexity, 
the ratio of raw material specific cost, (ingot), to finished product specific 
cost should be equal or similar for both vehicles, except as affected by 
production rate. This production rate or "mass production factor" Is given 
as K in the equation. 



The equation is solved for 

$/lb . 
auto 



aircraft 



steel 



$/lb 
$/lb 

aluminum 
solving: 



K with the following data: 

* $ .70 (from Reference 27) 

= $10.50 (from Figure 69) 

(from Reference 28) 

(from Reference 28) 

10.50 
.31 




K = 



= .52 or 52* 



? 



In other words, the cost per pound of a typical four-place, single- 
engine General Aviation aircraft could be expected to be reduced to 52% of to- 
day's cost If mass produced. This amounts to a practical consumer price 
reduction of 48%, which approximates the 58% limit price reduction determined 
In Figure 76. Obviously, the potential savings attainable through labor 
savings are well worth striving vor. Consequently, relative fabrication costs 
should play a significant role when selecting candidate materials as Is shown 
on page 162. 
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Performance Considerations 

set orSnJ!: ^ra^Mfia °™ f <^>"? to mef the 3'™" 

It should be kept In mind that the aircraft guidelines set forth In 
Appendix M, which limit the scope of this study, are not far beyond the capa- 
bilities of present light aircraft. Because of this similarity In performance 
requirements, many aerodynamic parameters may be eliminated from the investi- 
gation of economically feasible means of improvement. 

This point is best Illustrated by Figure 80, which Is the r«uit «t « 

sean m ?Ja r i C the tU sLs!t! a ? + + ° r % affe ? +fn9 ^ S ^ "™»l^™ "<£« be 
llct ra?!o !.£ lit u ,+V ° f ! a * ,mUm Speed +< ? P^ameters such as wing area, as- 
pect rat o, wing thickness ratio, extent of laminar boundary layer, cross welaht 
and fuselage frontal area are rather small when compared to the If feet of a re- 
tractable vs. fixed gear or a 10* change In power available. 

flr .„ '! + ? hou ' d be no+ed tha+ although the effect of delaying-4*e-boundarv lav- 
^ anS ' + ,0n dOSS n °J Justlf y a lar 9 e ex P ense to achieve abnoTmTsurface V 
ma?erf»tr^ h COnVe ? t, ;? al M""' ,+ ma * be en ,m P or+an + consUeratfo 7 fir new 
::^{ a rl S ma S nSf h ac?u?! a g S+ co C s S t: here '" ~ t "~ ,y ^ *^° ^ b ° "^ " 

this s +SdC f , ?h« a IiroH COnS ! an+S: F 2 r +he pur P° se of +he optimization analysis In 
constant! aerod Y namlc Parameters presented in Table" XIV were considered 

33 F.n!!. 9 ™ anf0n ; geomet iy wa ? determined from a design weight study on page 
33, Figure 20. An aspect ratio of seven was used throughout the studv This 
Is a very representative value for existing light aircraft, be I no a Selchi/Jr 
formancc trade-off which has evolved over Ly'years oTngh?^?^^?? expeN-" 



F 



Lift coefficient for climb at fifty feet (C. ) was assumed to be 1.5. 

50 
This corresponds to a maximum lift coefficient CC ) capability of 2.15, as- 

sumlng a climb speed of 1.2 V s+a|| . These values are slightly higher than cur- 
rent production airplanes; however, they are within the present state of the 
tTll?I L2 ;?^! 9n K d W,ng - ^ ana,ys,s has been ^Pt flexible wtth respect 

Ised'for^J ' ta ndT er capa d bnf e y? P+,m,2a+,0n ******* >™*™ ^ * 
max L 50 
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FACTORS AFFECTING MAXIMUM SPEED 
CHANGE IN EQUIVALENT PARASITE AREA, ft' 



Slope of line, 
df/dV = -3 f/V 



Example: 

Increase In frontal 
area of 3 ft 2 gives a 
2-knot decrease In speed 




Fuselage frontal area, ft' 

' ' ii 

3200 3000 2800 2600 2400 
Gross weight, lb 



k 



L.E. .10 .20 .30 .40 .50 
Extent of lamlnarization, (x/c) transition 



.18 .15 .12 .09 
Wing thickness ratio (t/c) 



Design V max = 152 knots 



J. 



f * 



(\ * \) 



S « 4.2 ft' 



"6 7 & 9 fo 
Aspect ratio, b 2 /S 



230 220 210 200 190 180 

Wing area, ft 2 
Figure 80 

A study of typical engine-propeller comblnaflons gave average propulsive 
efficiencies of n p » 0.85 at maximum speed, 0.80 at cruise speed, and 0.75 at 

climb speed. These values were used both In the evaluation of equivalent para- 
site area of present airplanes (Appendix P) and In the performance analysis 
presented here. Since the equivalent parasite araas calculated In Appendix P 
were used in estimating the drag for new configurations, the assumption of 
equal propulsive efficiencies considerably reduced the amount of calculations 
without Introducing more significant error. 
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TAdLE XI V.- AERODYNAMIC PARAMETERS FOR CONFIGURATION OPTIMIZATION 



WING: 



Aspect Ratio 

Taper Ratio 

Thickness Ratio 

Maximum Lift Coefficient 

Takeoff Lift Coefficient 

Induced Drag Factor 



AR 
A 

t/c 
C, 



max 



"50 



= 7 

= .6 

= .15 

= 2.15 

= 1.50 



ENGINE: 



Specific Fuel Consumption, Sfo, Ib/bhp-hr 



Propulsive Efficiency, n 



Reciprocating 
Turbine 

CI Imb 
Cru I se 
Max. Speed 



irARe 



0.51 
0.80 

0.75 
0.80 
0.85 



.055 



WEIGHTS: 



Specific Engine Weight, C , Ib/bhp 

Present 
Reciprocating 1 .6 
Turbine .65 

Specific Wing Weight, C , lb/ft 2 

w 

Present 
Future 

Initial Weight, W Q , lb [Gross weight - (engine + wing)] 



Future 
1.4 
.50 



= 1.76 
= 1.50 



Fixed gear configuration 
Retractable gear 

Equivalent Parasite Drag Area, f, ft 2 

Fixed gear + fuselage + empennage 

Fuselage + empennage (retracted gear) 
Wing parasite area 



2196 
2276 



'OF 

f 0R 
f. 



= 3.99 
= 2.84 

- C 



V 

0.0075 



? 



«+«„♦ ^![ aS ' +e d [ a 2 °! +he fusela 9e» gear, and empennage is considered con- 
and the retrS! ft f ° +he ^l^*™* '» determined fo? both the fixed gear 
and the retractable gear configurations. From the parasite drag study oresent- 
'l P K d J P ' typical values of f representing a we 1 1 -designed? iSed gelr 
following: " ar Conf, 9 ura+lon wl+h ' 7 * square ?•* of wing area are the 
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I . 5.30 ft 2 <f** ed 9 ear) 

/ - 4.15 ft 2 (retractable gear) 



. hi* oart representing the wing Is: 
The variable parr i«w _ 



\ - C ° 



w 

= 0.0075 ' 175 
= 1.31 ft 2 






* = 3.99 ft' 

f . 2.84 ft' 
°R 

* M .tte area may be expressed as a 
+an+s equivalent parasite are 
wuh tne use of these constants, eq 
Unction of wing area, I.e.. 



f - * +f w 



CI) 



, u* Pu. were evaluated 
,a ^oeclflc wing weight Cw were 
c Title engine weight C. H ou P r - p lace airplanes. 

Specific ena existing four P +urb lne engines 

using current statist* reciprocating and ^ e "ght Um- 

ai «ho«s the specific weights of r w er an d wetg no+ed 

howeVer ;. f rocat!ng and turbine engines, prese 

for reciprocating d on 

Table XIV. bl , she d i at 1.76 ^lUr* «»"&»' 

^.B.-a.tMsr*."— ■ -■ • 

s,ze> . _ ...«i rt h+ and 



sue, 9 ^ «»- v. ,- 

the wing weiy» 
expressed as: 



(2) 



° 6 Iw weight was found to be 



<? 



\Q6 



p af?? 







; u v -- 



■# 



(X 



i 



O 
UJ 

a. 

CO 
UJ 



UJ 



2.0 



1.6 



ENGINE SPECIFIC WEIGHT 

-TSIR - 5190- 



|7) (Max. cont. power) 
I 0-470- 



Max. weight =380 lb 



A0-350-A' 




© 10-470-V 
10-540- 



l.IO-360-A 



010-360-0 
Maximum power =250 BHP 



1 



.8 



-0. 



.4 



1 .2 1— Reciprocating engines: 

^ Lycoming 

O Continental 

D McCulloch (P) « Production model 

proposed 

Gas turbine engines: 

V Allison (D) = Derated version 



i 
Garrett A I research 



i 



• . ITSIR - 5190 
aQkE | (Takeoff power) 



|(P) 



(D 



TSE 36-180 



160 



i 

^C v ( Turboprop) 

I 



■v 



200 240 

BRAKE HORSEPOWER 

Figure 81 



(Turboshaft) 

_i 



280 



(bhp) 



reciprocating engines and 0.8 Ib/bhp - hr for turbine engines. Mission fuel is 
calculated for 4.5 hr endurance at cruise (130 knots at an altitude of 5000 
feet). The Initial fuel weight estimate of 360 lb, which included 10 lb for 
warm-up and taxi and 30 lb of unusable fuel, is then adjusted, and the final 
gross weight calculated. 
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Determination of critical performance requirements: Having restricted 
analysis to the optimization of wing loading and power loading, it is now pos- 
sible to express all of the performance requirements In terms of W/S and W/P 
for various gross weights. This permits plotting of all the performance re- 
quirements as boundaries on a single graph as presented In Figures 02 and 83 . 
The first Is for a retractable gear configuration and the second Is for a fixed 

PERFORMANCE BOUNDARIES FOR RETRACTABLE 
LANDING GEAR CONFIGURATIONS 



(kg/m^) 



1— 
30 



40 



50 



60 



T- 

70 



80 



I I 

90 100 



(kg/hp m ) 





a. 


i 


2£ 


1 


0ADI 
(lb/ 


* '■ • 


-j 


& 


oc 


'«" 


Ld 


$ 




t 






1 



9 

4 8 



WING LOADING ■> W/S (lb/ft 2 ) 
Figure 82 



gear configuration. The necessity of having two plots is because of the differ- 
ent equivalent parasite areas for the two configurations. As can be seen, the 
three defining requirements are the takeoff distance, the maximum speed, and 
the maximum allowable installed horsepower. Depending on the gross weight and 

C L ' V stall m V or ma Y no+ be a limiting factor. Each of the areas enclosed 
max 

by these boundaries represents all of the possible configurations which will 
either meet or exceed the given requirements for a given gross weight. 

The techniques used to establish the boundaries for the various perform- 
ance criteria are presented In the following pages. 
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PERFORMANCE BOUNDARIES FOR FIXED LANDING GEAR CONFIGURATIONS 

(kg/m 2 ) 



30 



— r - 
40 



i * -- I | i i 

50 60 70 80 90 100 




a. 






WING LOADING - W/S (lb/ft ) 
Figure 33 



(Takeoff performance) For the analysis of takeoff performance, a semi- 
empirical method was devised. The basic concept Is similar to an expression 
found in references , page 197, which suggests that the takeoff distance to 

ciaar a fifty-foot obstacle is some function of (W ^ P)(W/ ~ . 

L 50 



I *e. , 



S ' = F 
b 50 F T0 



N] 



i/c. 



■50" 



(3) 



By constructing a logarithmic plot of the above variables, it is possible to 
determine the function directly from data on present airplanes with known take- 
off performance. In Figure 84, power loading W/P Is plotted as the ordinate 
on a logarithmic scale, and wing loading W/S, takeoff I If t coefficient C, , 
and takeoff distance S 50 are all plotted on the abscissa. The procedure ls° 
to enter the power loading W/P and the wing loading W/S and locate their 
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TAKEOFF PERFORMANCE CHART 



40 



WING LOADING W/S (kg/m 2 ) 

50 60 70 80 90 1 00 



(lb/ft 2 ) 



13 
12 
11 

10 
9 

8 






a 

ce 6 




0.8 0.9 



2.5 



Feet 



Meters *■ 



| TAKEOFF LIFT COEFFICIENT^ \ 

Xx — ' * » ' ' .... i • 



1 1000 



1500 



200 



i 



x 



2000 



X 



I I I 



2500 



JL 



300 400 500 600 700 
TAKEOFF DISTANCE OVER 50 FEET (ft) 

Figure 84 



Intersection. At this point, proceed along the 45° guide lines until the lift 
coefficient at 50', C. , has been reached. The ordinate of the point thus 

50 ' / . 

determined represents the pararceter 'L, * ■■Q. as S hown by the graphic der 



va- 



-50 



t to 



tagfctifrtfl^tt} 



!^*P 
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When enough data has been plotted, a curve Is fitted to It. 



This 
W/P , W/S 



Is the 
and 



empirical curve which defines F to . To use the graph, enter „, , , „, , 

L 50'' 9S a n m ° Ve hor,zon+al| y + ° +he empirical curve and read the 
takeoff distance from the lower scale. 

,.. T ° determine the restrictions imposed by a specific takeoff distance 
(the contract guideline is S 50 = 1000 ft), enter Figure 81 at the required take- 
off distance and proceed to the empirical curve, than move horizontal to the 
throMnh f +M ke0f i' ft coeff ! cieflt +he wing is designed for. The 45-degree line 
!~h, 9 k V° ?t re P: esen+s +he •mxI™* Product of wing loading and power 
S + Wh -?' , meet +hS +ake ° ff requirements. This product defines a design 
constant which will represent the takeoff performance criteria- 



C Tn = [(W/P) (W/S)] 
TO max 



(4) 



+hl+ Ih a+ ^ h ! 45 " de ? ree | ine f In Fi g u >-e 84 are lines of equal (W/P) (W/S) and 
that the 45-degree Itne located as above will be the graphic boundary for the 
takeoff performance criteria. y 

GRAPHIC DERIVATION FOR EMPIRICAL 
SOLUTION OF TAKEOFF DISTANCE 




A = log W/P 
B = log W/S 
C = log C 

50 
A + B - C = | og (W/P • W/S 

L 50 



Figure 85 
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(Maximum speed performance) In order to plot this boundary tt was neces- 
sary to rearrange the equation for power required and select specific qross 
weights. 



550 



n P 2 + 7TT 
E 550 n = fi- v - 1 + 2 K l i 



Inverting, 



1") = p v 8 /f 



1100 wj 



K 
275 



P v ^S/ 



(3) 



Now, It Is desirable .to express (f/W) In terms of W and (W/S). From equa- 
tion ( 1 ) , • 



f = f o + C D S 

w 






Substituting, 



• • — tz 



f ' 

o 



w 



(W/S) 



(6) 



i*r 



tf. 



where : 



w 



n„ 



1 Iw + (W/S 



*>) ♦ < 2 (I) 



1100 
K, 



275 p V 



(7) 

(8) 
(9) 



The constants C^ and C 2 represent the design requirement, a given speed at 
a given altitude (or density) which in this case is 152 knots at sea level 
(note the V in the equation must be in feet/sec). The induced drag factor 
Kl = 1/(7rAR e ) is fixed at a value corresponding to an aspect ratio of 7 and is 
not considered as a valable In this analysis. 

With appropriate values for f , Cd w , and np from Table XIV, there Is 
an expression for W/P as a function of W/S and W. This is plotted in Figures 
82 and 83 for a retractable gear and a fixed gear configuration at four differ- 
ent weights (2400, 2600, 2800, and 3000 lb). 
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The third boundary Is the maximum allowable Installed power limit of 
250 bhp. For each weigh r this is a horizontal line at the proper value of 
(W/P). r 

W, (lb) (W/P) m)nt (ib/bhp) 



2400 
2600 
2800 
3000 



9.6 
10.4 
11.2 
12.0 



The final plot of the three boundaries has the following form: 



W ,52 kno+s 



(W/P) 




000 ft 

♦0. distance 



max 



-*-(W/S) 



At any point within the boundaries of the triangle there is a combination of 
wing loading and power loading at the given weight which will equal or exceed 
the performance requirements. More specifically, point "A" represents the mini- 
mum value of installed power which will just achieve the maximum speed and take- 
off requirements. Moving along the line from "A" to "B" maintains the maximum 
speed and improves the takeoff performance until at point "B" the maximum al- 
lowable installed power Is reached. It Is also the point of largest wing area. 
Another Interesting condition is to assume that the takeoff performance Is just 
adequate and look at the various configurations between points "A" and "C". 
This is a trade off between power and wing area. At point "C" Is the condition 
of maximum power and minimum wing area. 

With the retractable gear configuration It may be noted that there is 
much more freedom of choice in configuration than with the fixed gear. If a 
fixed-gear airplane weighed 3000 lbs, there would be no solution. Either the 
limit of maximum installed power would have to be relaxed or the high lift, 
C t , capability would have to be Increased. In other words, the flxed-qear 
max 3 

airplane is much more defined by the performance requirements than is the re- 
tractable-gear airplane. 



(Rate of climb performance) R/C = 1000 ft/min at sea level, 
with the power formula again and adding the power to climb, 



Beginning 
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+ 2 K 1 W " W (R/C) 
p V S 60 



* + 



(R/C) 
33 000 



Substituting for (f/W) and using the definitions for Ci and C 9 [eqs. (6), (8) 
and (9)], ' ^ 



W 
P 



f o 



C D.. 



(W/S)J 



+ S (w/S) + flo 



(10) 



Using the appropriate configuration constants from Table XIV and the rate of 
climb performance requirement, eq. (10) will define the boundaries for climb 
performance as shown in Figures 82 and 83 . 

(Cruise speed performance) V cr = 130 knots at 5000 feet. The boundaries 
imposed by this requirement were calculated In a manner similar to the maximum 
speed requirement except that 75$ normal rated power was used. The results are 
Plotted in Figures 82 and 83. 

Optimization for minimum weight: Having determined the critical perform- 
ance criteria by the preceding methods, the influence of these criteria on final 
gross weight mush be determined, beginninci with the expression for gross weight 
as given In eq. (2). 



W = W +C P + C S 
o e w 



Dividing by W and rearranging: 



and inverting, 



W 



W ■ 



C„ c 
e s 

W/P " W/S 



W 



(11) 



1 - 



From the takeoff criteria C 



TO 



W/P " W/S 
Is determined where 



'TO 



C T0 > 



-mm 



(12) 
(13) 
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and 

W < _I0 

S = W/P 

From the rules for inequalities, 



(14) 



w > _w 

W/S - C 



TO 



fwl 



(15) 



C 
e 

W/P 



C 

_w_ < 
W/S ~ 



1 - 



C 
e 

W/P 



'TO 



(16) 



Substituting for the denominator in eq. (11), 



1 - 



e 
W/P 



'TO 



I 
P 



(17) 



The expression on the right of eq. (17) represents the minimum possible weight 
for an airplane which meets a specific takeoff criteria (C TQ ). Using the pre- 



XIV , and the value of C 



TO 



determined values of W . C . and C from Table 

o e w 

determined by Figure 84, the minimum weight may be plotted as a function of 
power loading (W/P). This is done for both the turbine and reciprocating power 
planrs with fixed and retractable gear configurations In Figure 86. 

It is also convenient to plot two other boundaries on this same graph, 
representing maximum and minimum power which will satisfy the requirements. 
The maximum allowable power has been limited to 250 bnp and is plotted in 
Flgure86as a straight line passing through the origin. The minimum power 
(maximum power loading) boundary is obtained from Figures 82 and 83 by reading 
the maximum value of power loading for each weight which will satisfy all the 
performance requirements (i.e., the apex of each weight triangle). These com- 
binations of weight and power are plotted in Figure 86 for both fixed- gear and 
retractable-gear configurations. 

It Is obvious from Figure 86 that the takeoff criteria is the limiting 
factor for minimum weight in this case. The minimum weight configuration may 
therefore be determined by differentiating eq. (17) with respect to (W/P). Sub- 
stituting for clarity, 



x= P 



(18) 
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and rearranging eq, (17) gives 



W (1 - — 



x) = W 



'TO 



Differentiation yields 



dW<1 -r-r x) + «tf 

X C T0 Vx 2 C T0> 



dx = 



116 



";■('' . .•■...■'■■!i J , -'>r 

^f^r, '~^~ -^-1— — „-^ 



rtr* 5 



:*":::-/• 






dW 
Solving for -^ and setting It equal to zero, 



or, 



Substituting the equations for x and C T0 , 



dW 


W 


V? 


" So/ 


dx 

1 


- 


c 

e 


c 
w 
C~~ x 


C 
e 

x 2 


" 


c 
w 

C T0 


«- 


x 2 


pt 


C T0 


c 

e 



- 



(19) 



(A 2 - fej /W\ fe 
\P/ " \p/ \S/ C 



W/P C e 

W/S ~ C~ (20) 

w 



Equation (20) represents the condition for a minimum weight configuration. It 
should be kept In mind that eq. (20) Is valid only when the takeoff criteria de- 
fines the minimum weight boundary of Figure 86. The other performance bound- 
mhnTmum ^ ° heCked + ° lnsUre +ha+ +he +ak e°ff boundary Is valid at Its 

The boundary imposed by the stall speed criteria was not shown in Figure 
86 since it was not limiting In this case. For an analysis where the stall 
speed requ rement may be a critical factor, the boundary on Figure 86 may be 
found easily from the following relation: 

W 

2 1C L q stall (21) 

max 
Substituting this expression in eq. (11) yields 



17 



■■.■''V:^.,i:^a^ 



il#" 



It* 



X 



k& 



: * 



w > 



w 



1 - 



G W 



(22) 






which Is the desired equation for the stall speed boundary. 

anll7n ( t 1 in'r Um 7! ,gh ! 1? term ? ° f s P flc,f ' c **°l9ht constants) In order to gen- 
era II zo the results of the optimisation analysis, the minimum weight Is now ex- 
pressed In terms of the specific weights. 

When takeoff performance Is the minimum weight criteria, 



V 



(") M 



yields: 



Substituting fur (W/S) In tho condition for minimum weight [eq. 20)11 



W 
P 



Substituting for (W/I J ) , 



S v^TO C 
e 

With these values put In the basic welgM expression, eq. (11), 



(24) 



W . 

mm 



W 



e 



A 



w 



C 

°T0 C 
w 



c 
ru ro c 

e 



Simpl Ifying, 



-c 



pr*a 






a 1 



mln 



/c C 

' C T0 



(25) or Inverting, 



mln 



rc C 



TO 



(26) 



- . k + E ? uat,on < 26) represents the minimum weight ratio (gross weight to qross 
weight minus engine and wing) in terms of the specific weights of the engine 
and wing and the takeoff performance parameter C . 



Airplane configuration: The more detailed weight analysis In Appendix R, 
revealed that the original estimate of W Q was conservative. It was determined 
that a retractable gear configuration could be designed with W Q « 2153 pounds. 
(This compares wlfh the original estimate of 2276 lbs.). 
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Using this value of W In aquation (26), the mlr.lr.ium design weight can 
be expressed as a function of specific wing weight C w for particular values 
of C e and C T0 . This function has been plotted In Figure 87. 

The minimum weight using the maximum power allowed Is determined by the 
Intercept of the maximum power condition and the takeoff performance criteria, 
(This Is Illustrated In Figure 0fi), this function la found by solving the basic 
weight equation eq. (2) for tho simultaneous conditions of maximum power and 



the takeoff criteria; 



■p p from eq, (4). The ronultlrig equation Is: 
10 r 



W " W I- (2h0) + C 

o (-) yy 



« T0 UUQ) 



(27) 



liquation (27) Is uluo plotted In I Iguru 04 for the given values of c, and C . 



MINIMUM DESIGN WEIGHT VS SPECIFIC WING WEIGHT 



2900 
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C Q = 1.52 Ib/bhp 

C TQ = 182 lb 2 /bhp-ft 2 
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Figure 87 
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t should do noted that tho functions In Figure 87 ore convergent as spe- 
cif |c wing weight Increases, which Indicates that the maximum power condition Is 
Intercept ng the takeoff criteria closer to Its minimum. The distance between 
the two lines represents the possible savings In weight by optimizing the wing 
load ng-power loading combination along the takeoff criteria, as compared to de- 
signing for the takeoff criteria with maximum allowable power. 

.+ i i/?K/f!? ,ma r e i T° ,flc win 9 wo, Hht for the Tar Term airplane Is estimated 
n 1 J,A ' En+or, "9 F, y ,jro 87 flt this valuo.lt Is r.oon that thero | s only 

? U+ fi fforencn boTweon deigning for maximum power and the absolute minimum 
weight. It was decided that tho base airplane would bo designed at maximum al- 
lowable power Qlncn this Is already so closn to the absolute ml n I mum. 

Thn r T r h o configuration used as the far Term airplane Is also ..hown In Figured. 
The r-.ir Tor... a rp ano Is slightly heavier C«1 lbs) than the minimum. This Is 
^orvXo I o r ""? r a r n 7 M,,, ( ,,1 I f ^ 1h< ? ^ T«rm airplane | Q slightly con- 







max 






Alrpluno I'erfurmaneu Summary: sinco tho Far Torm airplane was deslqned to 
meet tho most critical performance requirement, (1000 ft. take off distance) 

!£ ^ er i P rI 0MBa ; CH r ^ ulrem0nts of Appendix M are exceeded. A summary of 
the calculated performance for tho Far Term airplane configuration, (2850 lb 
retractable gear with 250 bhp. and 180 ft* winq.) are as follows: 



Performance 

Max. Speed at Sea level 

Normal Cruise at 5000 ft, 

Rate of CI Imb at Sea Level 

Stall Speed (Sea Level Power off) 

Service Cet I 1 ng 



Ca I cu I ated 

166 knots 
152 knots 
1550 fpm 
46*6 knots 
20,000 ft. 



Gut do I ines 

152 knots 
130 knots 
1000 fpm 
48 knots 
14,000 ft. 



( 



Helicopter .- Finding an optimum configuration for a heitcooter U „ ffl ,„h 

rotor pow^r^rld lor a^Mrf T *"*" ^"V + ° Ca ' CUla+e the 
thrust required, and sol ld?ty See F gure 88^^' ^'I?' Vi Sp6ed ' 
ties are combined Into the thrust loe f cTenf C "* ^ ' ^ foUr qUant| - 
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P . c w I- 6 P° wer + r^ uir ' ed ?s in +he form of a drag-to-lift ratio CP/L), where 
11 !" J S , I 6 " 61 * 97 absorbed by the rotor at a rate equal to the tip 
speed. To obtain the actual horsepower required, we use the following relation: 

p W V 

i+w ~* F nn* r( ! 88 !^° WS +ha+ ' ° Ver a large ran 9 e of +hrus+ coefficients, a solid- 
ity of 0.06 Is optimum or near optimum and, in further analyses, this value will 
be used. Figure 89 Is essentially the same Information presented using C T /o 
as the parameter. This Is useful when studying blade stall which is a function 

T U.J./0. 



The formula used is derived from the analysis given In reference 9 . 

3/2 _ , ,, „ _ . .. . 2 



a. - -j— ♦ IX iii El + Ac 



/2*B 
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PROFILE DRAG-LIFT RATIO VS THRUST COEFFICIENT/SOLIDITY 



loT 



a: 

> 

o 

X 



< 
o 



LU 



i 



LU 



Q. 




.04 



.08 



12 



.16 .20 
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Tigure 89 



.24 



.28 



Dividing through by C T yields: 



5a 

C T 




. V 2 6 1 4 6 2 C T 

8~CT ~ ~ J +_ 2— 5 — 
T 3 a B^ a B a 



so that 



fl d o V 



C 



P A d P V 



T A d p y 



T 



T V, 
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Bu+ » T = L (Thrust - Lift) 

and P/V T = P , so that C /C T 

Is the desired result of (P/L): 



\ l J = / 2 B 2 



2 B 2 8 C T " 3 a B 2 + a 2 B* ° 



For the purpose of visually showing the actual power required to hover 
over a range of variables, the following procedure was used: 

Power required to hover: 

To calculate the rotor power required to hover, the following 
formula was used: 



-**1 c 3/2 

C n = — ! + 

9 /Tb 



6 
o 



8 
Substituting for CL. and CL 

Power = 




W 3 / 2 o 6 p p A d V T 3 2 6j W V T 4 6 2 W 2 

, + 8 2 + 2 — * 

B /2 p A d 3aB aaB P A d V T 



For the purpose of calculation, three different weights were used: 2000, 
2400, and 2800 pounds. For each weight, the power required was plotted against 
disc area and tip speed. The disc area is adjusted by multiplying it by the 
density ratio which eliminates density as a variable. The blade solidity was 
held constant at 0.06 for this study. This Is a fairly typical value and, as 
can be seen In Figure 88, gives the minimum power requirement over a fair range 
of thrust coefficients. 

The results for each of the weights are shown in Figures 90, 91, and 92. 
A composite mapping of all three weights is shown in Figure 93. 

The forward flight performance was established, using methods presented 
1 n reference 9 . 

In an effort to find the optimum disc areas and tip speed, the aircraft 
guidelines were introduced into the calculations. Hover out-of-ground effect 
must be maintained at 5000 feet of altitude and a sea level maximum speed of 
105 knots. The hover power requirements (reduced to 5000 feet) and the power 
required to fly at 105 knots at sea level, for wetghts of 2000, 2400, and 2800 
pounds, were cross-plotted in Figures 91, 92, and 93. 
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ROTOR POWER AT MOVER VS UISC AREA, W - 2,000 lbs 
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From these crossp lots, a combination of tip speed and disc area can be 
selected, giving the minimum power requirements once the gross weight has been 
determined. In an actual application, some Iteration will be necessary since, 
ingly Changed ^ ** ^ ^ ' S changed > +he 9 ross wei 9 h+ is correspond- 

nrncc J\™1 w ?!? h + analysis: A formula has been generated to determine what the 
gross weight will be as various parts of the configuration are varied. In par- 
ti cuar, these variables are: rotor disc area, rotor tip speed, and the in- 
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ROTOR POWER AT HOVER VS DISC AREA, W - 2,400 ibs 
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Figure 91 



The component weights affected are the main rotor and hubs the trans- 

the're^l"^ IP ' "! W °i 9h+ * A f iXed Wei 9 ht > W o> was as umed ej Len? g 
the remainder of the structure, payload, and fuel. Two values of this fixed 

W = "So •b S ! 9 an : o nr e / eP + reS M +a+iVe ,° f a reci P™at,ng engine con^ig Slon 
W Q 1800 ,b.; and one of a turbine engine configuration W^ 1 900 lb. The dlf- 

crrn nC ?hr s aS term 8 ) r : lSSi0n fUSl Wei9h+ (n ° +e +h9+ + ' e °^™ wei g ht was'nor?nc!ud- 
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ROTOR POWER AT HOVER VS DISC AREA, W - 2,800 lbs 
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The engine weight was handled the same way as in the airplane analysis by 

Trh?'" 9 I V6lUe °r SpeC ! f iC W6ight ' V lb/bh P> fo r typical reciprocal? g and V 
turbine engines^ Terms for the rotor aHd hub weights and the transmission 
weight are empirical expressions developed by a helicopter manufacturer. The 
constants were altered slightly to better fit this category of hel Icop^r. They 
siudy sucHs ^r"^ and aPe es P ec,a "V 9° od •" a comparative con igurat on" 
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MAPPING OF ROTOR POWER REQUIRED TO HOVER 
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Figure 93 

The resulting formula is the following: 

W = W+W.+ytf +w 

o engine transmission rotor and hub 



W + C P + 42.4 

O G 



(v) 



\ .763 



+ 1.35W 



.342 1.576 .630 
k a 
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Previously, the ro+or power requi romen Is huve been developed for three ar- 
bitrary gross weights (2000 lb, 2400 lb, and 2800 lb), at various tip speeds and 
disc areas. Figures 94, 9b, and 9b show these power requirements for the desiqn 
maximum speed of 105 knots at sea level and lor the design hover out-ot-qround' 
effect (OOf.) at 5000 fl. allilude. 

-, ^ !' P ? P ?° ,J ° f °°° ,t/sec WJS seloclod, which is a compromise between power 
and blade stall, lor various arbilrary disc .mens (or rotor diameters) the 
weight equation was applied. At ., fixed diameter, the rotor power was found for 
each of the three arbitrary weights at V t - 600 tt/sec. The rolor power has 
been assumed to be HO* -O || u , Intal insl.,||ed power. The remainder is for the 
•Id i I rotor and transmi ssiou ,md cool inn losses so Ihat V = 1.25 P r + The 
rotor sol Lilly in Ihis sludy has been osl.ibl Ishod previously to be™ 0.06. 
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HOVER POWER AND FORWARD FLIGHT POWER, W - 2,400 lbs 
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Figure 95 



This is all the information needed to solve the weight equation. When the act- 
ual weight has been calculated, it is plotted against the arbitrary weights and 
the real solution can be found on a 45° line of agreement, such as in Figure 97. 
By plotting the power on this same graph, its value for the solution can also be 
found. 



»?' 



This has been done for several rotor diameters and the results plotted in 
Figure 98. Configurations with turbine and reciprocating engines are shown. 
The turbine versions, even with 100 lb. more fuel, have gross weights approxi- 
mately 150 lb. less and require about 15 bhp less in Installed power. 

A turbine-powered hel icopter with 218 bhp installed power, a rotor diameter 
of 28 ft., and a gross weight of 2400 lbs. was selected for further parametric 
study. 
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HOVER POWER AMU FORWARD FLIGHT POWER, W = 2, BOO lbs 



2bO 



*;■ 



t> ■-' o 



-a- 



**»* 



<D 

V) 
+- 

.* CD 
O 

o ^ 



oFj 



<3 II. 

UJ 1 1 

A 1 * ■ ■■ 

°- a. 

P o 

o o 

a: eg 




DISK AREA, A , ft 

a 

Figure 96 

Using this configuration, the sensitivity to weight savings was investigat- 
ed. For a savings jf 100 lbs. of the fixed weight 'W , the savings in power, 
gross weight, and fuel consumption (maintaining the same rotor diameter) was de- 
termined. For comparison, the same was done for a similar configuration with a 
reciprocating engine. The results are presented in the following table. 

TABLE XV. - VALUE OF REDUCING THE HELICOPTER FIXED WEIGHT BY 100 lb. 



Type of 
Engine 



Turbine 



I Rec i p . 



W 



o 

b. 



W 
lb. 



1900 
1800 



2400 
2280 



AW 
lb. 



120 



1800 
1700 



2550 
2410 



140 



P 

bhp 

2lT 
203 



218 



AP 
bhp 



15 



17 



17.45 
16.23 



13.23 
12.28 



AF.C. 



Fuel 

Cons. . ., 
gal/hr 9 al/hr 



1.22 



0.95 
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Potential Structural Materials 

This chapter concerns the Investigation of a wide variety of 
structural materials applicable In the design of light aircraft (Including 
helicopters) during the noxl fi lo \b years, Materials available in five years 
are classified near-term. Those available fifteen years from now are 
considered far-term. High-priced near-term materials are also considered 
as far-term, anticipating cost reductions during the next 15 yoars. 

The objed ivo of this i nvosl Iga lion was to determine from the Initial 
compilation, a list of promising candidate materials based on parameters 
involving strength, s ti f f rms^ wolghf, and raw material cost. 

Candidal o malerlals will bo further evaluated In subsoguenl chapters 
against surli paramoims as dos l^i^concopt compatibility, method of Joining, 
faliguo, formablllty, and n-.s|-s relating to fabrlcnl Ion, 

I" 1 ' 1 ' 1 '''.!. »£ilffli f l0.'~ Materia 1 1> were f I rot suluclud from the broad spectrum 

of the various typos available. In the beginning, an of fori was made to nick 

representative examples from each lypo, basing the uuloction on one or more of 
tlio following characteristics; 

(1) Acco|Hm<I uso In proserrl-day aircraft- construct lo,i 

(2) Low density 

(5) Low material cos) 

Not always an Important factor because fabrication costs 
can be far more significant, 

(4) High stiffness 

Many areas of tight aircraft and helicopter structures are 
designed for stiffness. This takes precedence over static 

strength reguirements 

(h>) High strength 

(6) Weldability, Brazability, BondabMity 

Inasmuch as present-day fabrication methods such as 
riveting contribute considerably to the overall cost of 
the finished product, a number of potential materials 
lending themselves to welding, brazing, and or bondinq 
were Included 

(7) Minimum maintenance 

(8) Materials exhibiting good corrosion resistance to atmospheric 
environments were considered, 
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Tables XVI and XVII tabulate the initial selection of materials, to- 
gether with their pertinent properties. 

In evaluating the initial selection of materials, structural efficien- 
cies were determined for comparison purposes. These structural efficiencies 
are: . ^_ 

r • F tU ^ V E 

Tension - — Column = _£_ Shear Buckling - — — 
w w w 

Each structural efficiency was also divided by the material cosl lo ob- 
tain additional comparisons. In the case of far-tern materials (to be u-ud 15 
years from now), the projected cost 15 years from now will be used. Compara- 
tive structural efficiencies are also presented in Tables XVI and XVII 

Material Costs,- Material costs, in dollars per pound, were determined by 
using price information obtained from the following companies: 



l^ 






e° ' 



Steel - Ryerson & Sons, Los Angeles, California 
Republic Steel, Los Angeles, California 

Aluminum - Aluminum Company of America, San Diego, California 

Magnesium - The Dow Chemical Company, Los Angeles, California 

Titanium - Reactive Metals, Inc., Los Angeles, California 

Beryllium - Beryllium Metals & Chemicals Corp., New York, New York 

Plastics - Whittaker Corp, (Narmco Division), San Diego, California 
(Rein- Owens-Corning Fiberglas Corporation, New York, New York 
forced) General Dynamics/Convair, San Diego, California 
Goodyear Aerospace Corporation, Akron, Ohio 

Plastics - Whittaker Corp, (Narmco Division), San Diego, California 
(Unrein- General Electric (Chemical Material Dept), Pittsfieid, Mass, 
forced) U.S. Rubber Company, Chicago, Illinois 

DuPont (Textile Fibers Dept), Wilmington, Delaware 
Borg-Warner (Marbon Chemical DivJ, Washington, West Virginia 
Fibertite Corporation, Orange, California 



Woods 



- Niedermeyer-Martin Company, Portland, Oregon 
Gordon Plywood Company, Alhambra, California 



Core Materials - Hexcel Products, Inc., Los Angeles, California 

Promising candidate materials ,- The selection of promising c ndidate 
materials was based primarily on an evaluation of the comparative structural 
efficiencies listed in Tables XVI and XVII for all initially selected materials. 
Additional considerations, such as ability to absorb energy, formability, 
fatigue, stress corrosion and atmospheric corrosion, low-quench sensitivity, 
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TABLE XVI 

INITIAL SELECTION OF METALLIC MATERIALS ANU 
COMPARATIVE STRUCTURAL EFFICIENCIES 
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TABLE XVII 

INITIAL SELECTION OF NON-METALLIC MATERIALS 
AND COMPARATIVE STRUCTURAL EFFICIENCIES 
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loading Intensity, and accepted usage In present-day aircraft, also influenced 
the choosing of candidates. Metallic material condi dates are listed in Table 
IV, together with their structural efficiencies. Non-metallic material condl- 
dates are presented in Table V In a similar manner. Figures 99,100 and 101 
list the comparative structural efficiency of materials by decreasing order of 
magnitude, M 

Metallic Materials: (Rof, Table XVIII) 

TUBING - Two steels and one aluminum alloy were selected as tubing can- 
didates. While the 6061-T6 aluminum alloy Is superior from the standpoint of 
structural efficiencies, ]0?3 steel Is still being used today In areas where 
low cosh and ease of welding so dictate. The 4130 normalized steel tubing Is 
used where column loading Intensities are moderate-to-hlgh and size limitations 
are present. The most likely areas of application for tubing are fuselaqe 
weldments and engine mounts. 

BAR MATERIAL - Candidates are listed with the Intent of showing mate- 
rials of high strength for use in areas of landl,.g-gear assemblies, rotor 
mechanisms, and primary structural fittings having space limitations. Although 
there are many types of high-strength materials available, the selection repre- 
sents the lower and upper end of the chrome-al foy series (4130 and 4340), and 
also includes one of the newer types of maraging steels, 25 NI, This steel 
although 1.8 times as strong as 4130 (180 H.T.), is also seventeen times as 
costly^ ($2. 25/lb vs. $0.13/lb). It Is a high-quality steel with superior 
corrosion resistance and toughness over the commonly-used chrome-alloy series. 

F0RG1NGS are occasionally used in helicopters and light aircraft. When 
used, 2014-T6 is the primary forging alloy, especially for miscellaneous low- 
stressed fittings where economy and increased corrosion performance predominate. 

SHEET - A number of sheet materials are available for use in the con- 
struction of light aircraft and helicopters. Sheet stock is used mainly as a 
covering for the airframe. It is also bent and formed into frames, ribs, 
stringers, stiffeners, and various types of brackets. 

The 2024-T3 alloy, especially the clad version, Is by far the most com- 
monly-used skin covering on present-day light aircraft. In addition to having 
high structural efficiencies, it Is a good corrosion-resistant candidate, ex- 
hibiting superior qualities of fatigue, energy absorption, and formablllty 
when compared to most of the other sheet materials. 

The 5XXX series aluminum sheet material is Included because of its low- 
cost structural efficiencies. It also has good formablllty. 

Type 6061-T6 is next in importance to 2024-T3 clad as a material candi- 
date. Its low cost, coupled with Its high corrosion resistance and high stress 
corrosion resistance, formabi I ity, and energy absorption characteristics, 
makes it extremely attractive. 
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Type X7005 aluminum alloy Is one of the more recently developed mate- 
rials. It can be easily brazed, soldered, or welded and still maintain its 
high properlies without requiring solution heat treatinq afterwards, its low- 
quench sensitivity, eliminating severe distortion during cooling after heat 
treatment, makes this alloy a material candidate. 

Types 7075-T6 and 7178-T6 are Included as they represent the highest 
strength aluminum alloys available today. While their corrosion and stress- 
corrosion resistance, formabi I ity, energy absorption, and quench sensitivity 
characteristics are Inferior to some of the other aluminum alloys, they exhi- 
bit superior tensile structural efficiencies and will outperform other alumi- 
num alloys when used In areas of high- load intensity. 

AZ 31D-H74 magnesium alloy has superior column and shear buckling struc- 
tural efficiencies and Is, therefore, listed with the aluminum sheet material. 
Its higher cost and lower corrosion resistance make it a less likely candidate. 

EXTRUSIONS are used mainly as flange material In beams and major bulk- 
heads, stringer material In wide columns (fuselage semt-monocoque, wing-plate 
stringer), and stiffeners In high-loading intensity areas. 

Type 2014-T6 is generally used for sections greater than 0.125-Inch 
thick where its low cost, together with its high-yield strength, makes It a 
desirable candidate. 

Type 2024-T4 extrusions are commonly found In light aircraft for sec- 
tions under 0.125-inch thick. This alloy, in addition to having good struc- 
tural efficiencies, exhibits superior fatigue and energy-absorption qualities. 

Type 6061 -T6 shows considerable promise for extrusions requiring thin 
sections and high corrosion resistance. The low cost, high energy absorption, 
and stress-corrosion resistance of this alloy make it an excellent candidate. 

The 7075 and 7178 extrusions have the highest mechanical properties of 
the aluminum alloys. While the T6 tempers are relatively low in stress- 
corrosion resistance and energy-absorption capabilities, the T73 temper of 
7075 Is excellent in both respects and warrants consideration In the final 
(J|S selection of candidate materials. 

Mg Yttrium-T5 Is a new high-strength magnesium alloy. Its high com- 
pression yield strength (Improving the compressive tangent modulus), coupled 
with its low density, makes it the most efficient of ail the metallic candi- 
dates when used in compression critical structures. However, the projected 
cost of $6.00 per pound fifteen years from now reduces Its chances of becoming 
a prime candidate. 

CASTINGS are used mainly for rotor mechanisms, wheel hubs, pulleys, 
brackets, bel (cranks, and various fittings. 
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A356-Tb1 and 3 r iQ-T6l ore premium-quality composite mold castings. Al- 
though they aro In general use today, anticipated high production rates for 
light alrcrnft/hel I copters make these alloys less likely candidates than a 
permanent mold or die-cast material. 

Type 3S6-T6 [ s a permanent mold casting alloy In general use today, and 
It appears It will remain a likely candidate in the future 

AZ QIOTh, available as a permanent mold casting, Is one of the most 
common magnesium castings in use today. 

CORL HATLKIAL (Kef. ]able; v V.U) Is used in honeycomb-sandwich con- 
structions. Typu 40(M 1/4-inch cell, 2.5 pounds per cubic foot aluminum honey- 
comb core is oonsidurod to bo the most promising candidate. It is of adequate 
strength for I ighr airerafl construction and Is only a fraction of tho cost 
of the expensive reinforced plastic honeycomb. 
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COMPARATIVE SHEAR CRIPPLING EFFICIENCIES 
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COMPARATIVE COLUMN EFFICIENCIES 
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COMPARATIVE TI.MSION t"FF|C|l NC|ES 
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Non-Metal I lc Materials ; (Rof, Tab I o XIX) 

NON-REINFORCED THERMOPLASTICS are used for fairings and for low-stressed 
skin, 

ABS (High Modulus) Is low in cost and can bo molded to shapes. This 
material, although not highly flammable, will support combustion. 

CHOPPED ElBER-RFINFOb'CEU PLASTICS aru bcnvf adapted for areas of low - 
loading Intensify such as secondary fillings, fairings, and low-strocsod skin. 

3/B E-G | ass/Nylon fJ/IO, Is a mod I uim-cos I In lection mo I dab I e thnrmo- 
plastic reinforced wllh 1/4-Inch to VH-im.h long glass flbors (30/, py weight). 
It Is finding use in llie d<>sl.jn of noxf-qunuia I ion commercial transports In 
such areas as occr.aa covers for wing fuel tanks. Nylon 6/10 Is a self-ex- 
tinguish I ng material from I ho standponl of f laiiiiiiabl I Ely. 

E-Glass/Polyosfer Is n low-coyl discontinuous glass fiber, reinforced 
polyester-typo shoo I molding compound. Pal rings, low-strousud skins, and 
fittings are possible areas of application for this material. It is also u 
f lame-retardunl (nun-burn lug) material. 

1-inch S-Glass/Epoxy, a one- inch chopped fiber system with an epoxy 
matrix, is a high-strength, high-cost material used in helicopter wheels. 

CLOTH REINFORCED THERMOSETS may be used for all types of structures by 
providing the optimum fiber orientation for each type of loading. They are 
best used In multi-layer combinations in laminates or in sandwich construction. 

Type 143 Cloth/E-Glass In an epoxy matrix is used In laminate and sand- 
wich form in light aircraft and helicopters. Its use Is restricted, as a rule, 
to secondary structure. However, the advancing state of the art of fiberglass 
composites and resin systems indicates that this material is a candidate for 
primary structure. 

Type 143 Cloth/S-Glass and epoxy matrix system Is a higher-strength and 
higher-cost composite than the E-Glass system. It Is a candidate material when 
structural efficiencies outweigh material cost, or can be shown cost effective. 

UNIDIRECTIONAL FILAMENT-REINFORCED COMPOSITES are in their Infancy at 
present. Most of the composites are extremely expensive and are being used 
only In Isolated cases. However, their superior structural efficiencies 
indicate that, projected ahead fifteen years from now, these composites, with 
reduced costs, will be potential candidates. They should be laminated In 
various fiber orientations, depending on the loading conditions. 
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+, i ^f? ,+e , fll ° mGnt/o P ox y ma+r| x c °mpoGltG exh It. Its exceptional struc- 
tural efficiencies due to low density and high modulus, 

S-G|ass/epoxy matrix compos I tos show superior tension efficiencies and 
modulus as compared with Graphite; however, they do not compare with the 
column ancj shear buckling efficiency of the Graphite system. 

WOOD has been used as primary and secondary structure In light aircraft 
for many years. Although aluminum alloys have predominated tho light a rcraft 
f eld for the pas decade, there are still a few airplanes being constructed 
of wood. Genera y spnaklnn. a wooden structure (such as a wing) Is aero- 
dynamical ly smoother and lighter than Its mntnl counterpart. However t Is 
also more expensive to build. Another disadvantage to wood construction I '. 
Its higher maintenance cost dun to weathering and moisture absorption. 

SltkH-Bpriien Is probably the most common wood used In llqht aircraft 
It nas a column efficiency mure than Iwice that of th., aluminum n I loys."" 

Mahogany (poplar corn) plywood Is one of tho moro common woods u^ad for 
oklno. Its shear buckling efficiency Is twice tho+ of tho aluminum alloys. 

mn ft ,+?^ U ^H S h? y K ak i S a^Pros&od wood with greatly Increased mechanical 
properties and higher density. 
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Evalua tion of promising candidate materials .- The promising candidates are 
now compared on the basis of types of members and concepts. Composites, which 
are anisotropic, require some mention being made as to allowables versus fiber 
orientation. When these materials in single- laminate configuration are loaded 
at an angle to the direction of the fibers, their strength is reduced consider- 
ably. The reduction in allowable is a function of the angle. Figure 103 
illustrates the effect due to the low shear transfer capability of the resin 
matrix. For this reason, composite systems are normally found in various 
combinations of fiber-oriented layers. As an example, a wing skin panel 
carrying torsion might require three layers with the following orientation (see 
r IgureiO/) : 



SKIN PANEL FIBER ORIENTATION 



SPAR 



dS 



£?*' 




SPAR 




TORSION 



Figure 102 






:6 '£ ° 



Layers (1) and (3) stabilize the panel against shear buckling; while 
n7!iJ V eSI 6 direct shear and axial loading in the panel skin. Figure 
103also shows variation in strength with several combinations of fiber orienta- 
ls. Figure 104 indicates variation in compression modulus with change of 
filament direction. Basic good design practices, when using laminated struc- 
ture, are presented In Figure 105. Fiber-to-resin matrix proportion is another 
important relationship, strengthwise. A resin-rich composite is weakened by 
nnLi? l Ue +° e °t e low f r , s+ren 3 + h matrix, while a resin-starved composite is 
unsatisfactory because of Insufficient bonding between each fiber. In filament- 
wound structures, 70-to-85 percent by volume is considered normal for fiber 

?™in*+: J*h! !? in +h ! com P arIsons ' where appropriate, are several composite 
laminate combinations. A summary of the basic properties of candidates is pre- 
sented in Table XIX. For more detailed or added information see Ref. 14 
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STRtNGTH VS ANGLE OF STRESS IN TENSION FOR UNIDIRECTIONAL AND MULT I - 
niRFHTIONAMAYUPS OF EQUIVALENT MATERIAL AND THICKNESS (REFERENCE 14 and 15) 




t 



FIBERS ARE ORIENTED 
AT 0° TO EACH OTHER, 
GIVING MAXIMUM 
STRENGTH PARALLEL 
TO WARP 



+ 



NINLTY-DEGREE ORILNTA- 
TION GIVES LESS MAXI- 
MUM STRENGTH, BUT EQUAL 
STRENGTH FOR PARALLEL 
AND PERPENDICULAR 
LOADING 

Figure 103 




FABRIC ORIENTA- 
TION YIELDS STILL 
LESS MAXIMUM STRENGTH, 
BUT EQUAL STRENGTH 
IN EACH DIRECTION OF 
FIBER WARP 



COMPRESSION MODULUS VS PERCENT FILAMENT 

IN 0° DIRECTION (REFERENCE 16) 



GRAPHITE FILAMENTS 
IN EPOXY MATRIX 



I 

o 



CO 

CL 




S-GLASS FILAMENTS 



40 60 

% In 0° DIRECTION 
Figure 104 
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RELATION BETWEEN DIRECTION OF LAMINATIONS 
AND DIRECTION OF LOAD APPLICATION 



TENSION 



REC0MMENDED UNDESIRABLE 4 

TENSILE STRESSES SHOULD BE SUSTAINED BY LAMINATIONS, NOT ACROSS BONDING PLANE- 



COMPRESSION 




RECOMMENDED - 

FLATWISE AT RIGHT ANGLE TO LAMINATIONS 




UNDESIRABLE 

EDGEWISE PARALLEL TO LAMINATIONS 
COMPRESSION STRENGTH OF LAMINATES IS GREATER FLATWISE THAN EDGEWISE 




: LEXURE 



RECOMMENDED - ^ UNDESIRABLE 

FLATWISE AT RIGHT ANGLE TO SPAN LAMINATIONS AT RIGHT ANGLE TO SPAN 

BENDING STRESSES SHOULD BE SUSTAINED BY LAMINATIONS, NOT ACROSS BONDING PLANE 




SHEAR 






RECOMMENDED - xu>^ ^— UNDESIRABLE 

FLATWISE AT RIGHT ANGLES TO LAMINATIONS 'EDGEWISE PARALLEL TO LAMINATIONS 
SHEARING STRESSES SHOULD OCCUR IN A PLANE NORMAL TO LAMINATIONS 
TO PREVENT CLEAVAGE ACROSS BONDING PLANES 

BEARING 





RECOMMENDED - ^gf~ UNDESIRABLE - 

LOAD DISTRIBUTED TO LAMINATIONS LOAD CARRIED THRU BOND 

BEARING STRESSES SHOULD BE APPLIED THRU LAMINATIONS 
RATHER THAN ACROSS BONDING PLANES 
Figure 105 
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Tension Members : 

Figure 10b shows weight per Inch versus 
axial load (4,000 pounds maximum) for the 
various materials. The ordinate provides for 
the use of an efficiency factor which might 
be encountered under conditions of riveting 
or welding. 

P 



AX I ALLY LOADED MEMBER 
►— L — i 



Derivations: f - 

To develop curves of 
P 



W - A L w 



A " 



L w 



and f 



ef f 



WK 



efficiency versus Tension Load P , let! 



eff 



K 



eff 



L 



lb/ in 



100 



K eff W 



x 10^ 



50 



W/L w 

P 
F/w 



(Figure 10fa) 



SYMBOLS. 



c Stress 

» Cross section area 

= Weight 

" Density 

K ,, - Efficiency factor 

F = Smal ler of F 4 



or: 1.5 F, 



tu 



WEIGHT/ IN. VS TENSION LOAD 

1025 STEEL — v t-E GLASS/POLYESTER 



ty 



i / s ss x's^ ^^' 



3000 



1000 2000 
P , AXIAL LOAD 

Figure 10b 



4130 (NORM) STEEL 

6061-T6 ALUM. 

NYLON 6/10 (30% GLASS) 



SITKA SPRUCE 

2014-T6 ALUM. 
4130 (180HT) STEEL 

1" S-GLASS/EPOXY 
7075-T6,7178-T6, Mg-Yttr 
4340 (260HT) STEEL 



GRAPHITE/EPOXY 
S-GLASS/EPOXY 



4000 I b . 
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Simple Columns :( assume round tubes) 



Structural indexes were used to assist in the evaluation of promising 
candidate materials when applied as simple columns. As defined In reference 
17, a structural Index is a measure of loading Intensity and has the advantage 
of eliminating the effect of size in dealing with allowable stresses. For a 
simple column, the structural index becomes P/L 2 , Derivations: 



Primary buckl i ng 
and ippl Ing 




Equating the two equations gives optimum value of D/t 

l~PA>] 



(D/t) 



/K ? 2 E\ 1/3 



[K 2 - .40 (Reference 17) ] 

Figure 107 plots D/t ratios versus structural index for the materials under 
consideration. 



ROUND TUBE COLUMN OPTIMUM (-M RATIOS 



C-f) 



opt 
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To obtain allowable compression stresses for optimum round tube columns, sub- 
stitute the value for optimum D/t In the primary buckling equation: 



P/L 2 - 



8f : 



1/2 3/2 
nK 2 E E 



6,37 f 3 
1/2 3/2 



For study purposes, 

limit f to .80F , 
cy 



The allowable F may then be calculated and plotted for various materials, as 
shown In Figure 108. 

OPTIMUM (MAXIMUM) STRESS ROUND TUBE COLUMNS 

"1 1 — I I I I I I | 






o 




Figure 108 
It is now possible to develop a formula for minimum weight, as follows: 



(1) Divide structural Index by allowable 
c 



F_ and multiply by density of material: 



P (w) /L 2 
F 



(2) By substituting ~"= A & w = ~ , the following Identity is obtain- 

c 

p/ 1 2 

ed: WC/L 3 = ■/ — , where C Is restraint coefficient. 
h c/w 
Values for WC/L 3 versus P/L 2 may now be determined and plotted for a number 
of materials (see Figure 109). 
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MINIMUM WEIGHT ROUND TUBE COLUMNS 

T- — I 1 ! I I f 
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1025 STEEL- 

SITKA SPRUCE 
(SOLID) 



6061-T6 



4130 (NORM.) 




S-GLASS (±45 o ,0°,Q°,0°) 
4130 (180 HT) 



Mq-YTTR|UM-T5 

GRAPHITE <±45°,0©,0°,0o> 
111,11,1 ' ' ■ 



Compression Structure; 



Figure 109 
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Probably the most detailed and extensive evaluation of structure occurs 
during the design of compression critical sections of the airframe. The sec- 
tion under compression is generally treated either as a wide column or a com- 
pression panel. The wide-column approach Is used when the length of the panel 
is short compared to its width, as in a multi-rib wing box. A compression 
panel concept is assumed when the length of the panel is long compared to its 
width, as in a multi-spar wing box. 

The wide-column analysis assumes primary buckling between the ribs, 
which provide simple supports for loaded edges of the column. The following 
equation, taken from reference 18, Is a result of equating aeneral and local 
tnstabi I ity formulas: 

Where: N x = compressive load in pound/Inch 

L = length of column in inches 

n = plasticity reduction factor 

E = modulus of elasticity, pst 

t = cross-sectional area per unit width 

e = efficiency factor, a function of 

buckling coefficient & shape factor 
The analysis of compression panels is based upon all edges of the panel 
being simply supported, while plate theory expressions for local and general 
stability are equated to obtain +he following equation: 



N> 



LnE 



(t/L)2 



N JL_ 
bfjE 



(*">)" 



Where: b = width of plate 

n ■■ an exponert which is a function 
of configuration 
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In the evaluation of wide-column and compression panel concepts, truss 
core sandwich, honeycomb sandwich, flat plate, and zee-sttf fened plate con- 
struction will be considered for each case, 

Minimum area equations for optimized wide columns and compression panel 3 
of zee-stiffened plate, flat plate, and truss core sandwich construction are 
presented In Table XX, Efficiency factors, e , were obtained from ref- 
erence 18, while the plasticity reduction factor, n , was taken as unity 
for al I cases, 

TABLE XX 
MINIMUM AREA EQUATIONS FOR OPTIMIZED WIDE COLUMNS 
AND COMPRESSION PANELS (Reference 18) 



TYPE OF CONSTRUCTION 
Zee-Stiffened Plate 
Truss Core Sandwich 



Flat (unstiffened) 
Plate 



K 



LE 
LE 
LE 



WIDE COLUMN 

- 0,911 (t/L) 2 

- 0,605 (t/L) 2 

- 0,823 (t/L) 3 



0> 
bE 



bE 



bE 
bE 



COMPRESSION PANEL 

- 1.030 (t/b) 2 * 36 

- U08 (t/b) 2 
* 3.62 (t/b) 3 



Minimum area curves for truss core sandwich, honeycomb sandwich, flat 
plate, and zee-stiffened plate of wide column and compression panel const- jc- 
tion are shown In Figures 1 10 and 111. 

The zee-stiffened plate, flat plate, and truss core curves were devel- 
oped from the data in Table XX. Minimum area curves for honeycomb sandwich 
were obtained from reference 18. Curves were generated by calculating typical 
weights and strengths, and algebraically converting the results to the general 
form of the other configurations. As stated in reference 18, the high effi- 
ciency of honeycomb sandwich construction is attributed to the fact that the 
full compressive strength of face sheets can be utilized by reducing the cell 
size of the honeycomb core. 

A panel optimization computer program was used in reference 16 for 
evaluating numerous filament-wound materials In truss core and honeycomb 
sandwich construction. These configurations, In their optimum proportions 
of unidirectional to cross-ply fibers are pictured In Figure1l2, By utiliz- 
ing data from reference 16, optimum weight and corresponding core thickness 
versus structural Index may be determined for graphite and S-Glass wide 
columns and compression panels. 



152 



T' «■«■*« J W ■ ■ Iw.J.Mi.J Wf 1 ^ 



■•*>i.v :-}:&Xi?^ 



iTr- 



%m^ 



vf& 



& 



J 



L 



MINIMUM AREA CURVES - WIDE COLUMN CONCEPT 

~i i i i i rui 




.002 - 



.001 



x10~ 6 



10-5 



UJii_l 



tftff"! 



t « 



AREA 
WIDTH 



LE 



<*-~* s 



_t_ 
b 



FlgurellO 

t = Equivalent cross sectional area/unit width of panel 
of all material effective In carrying axial load. 

MINIMUM AREA CURVES - COMPRESSION PANEL CONCEPT 
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Figure 111 
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SANDWICH PANE Li 



UNIDIRECTIONAL (0°) FLUTE 
FILLER OF 1/3 FACING VOLUME 



FACE SHEETS AND FLUTE 
ORIENTED AT +45° 




UNIDIRECTIONAL (0") SPAR CAPS 
OF 40$ FACING VOLUME 

FACE SHEETS 
ORIENTED AT ±45° 




CORRUGATION SANDWICH PANEL 



HONLYCOMB SANDWICH PANEL 



Flqurn \\y 



Resulting values are plotted In Figures 1 13 through 1 15. Opt im I zed con- 
figuration weights reflect A45° fiber orientation In the skins for the most 
a!a allgnmont to react torsional shear. Minimum skin gages are set at 
.020 Inches. Four f at lure modes considered were: general buckllnq face 
wrinkling, intercell buckling, and shear crimping. ' 

m Minimum weight diagrams can also be developed from minimum area curves 

in Figures 110 and 111, as follows: 

(1) Multiply ordinate €/L by material density, w : 

wt/L = W/bL 2 because W = bLtw , w = W/bLt 

(2) Multiply abscissa N X /LE by material modulus, E : 

EN X /LE = N x /L ; the weight is thus presented as a 

function of fhe structural Index: N x /L (or q/L). 

Minimum weights for various materials and concepts are shown In 
Figures 117 and 118. 

In the discussion of sheet stringer-type wide columns, mention should 
be made of extruded Y stringers developed by NACA (NACA TN 1389) for In- 
creasing allowable stresses in compression structures. Figure 1 19 compares al- 
lowable stress versus structural index of sheet stringer wide columns con- 
structed of 2024 and 7075 Y-stringers against a 2024 conventional stringer 
envelope. s 

These same constructions are compared on a weight basis In Figure 120 
which was derived from optimum stress curves by dividing N /L by F and 
then multiplying by w to obtain: x c 



(N x /L) (1/F C ) (w) = tw/L = W/bL* 
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THEORETICAL VG OPTIMUM WIDE COLUMN WEIGHTS 
GRAPHIT E AND S-GLASS FILAMENT SANDWICH CONSTRUCTION 

^ t i i — i i i i 1 1 r 




Figure 113 

THEORETICAL VS OPTIMUM COMPRESSION PANEL WEIGHTS 
GRAP HITE AND S-GLASS FILAMENT SANDWICH CONSTRUCTION 
1 I T"H — | — I I I | | 
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Figure 114 
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THEORETICAL VS OPTIMUM CORE THICKNESSES 
GRAPHITE AND S-GLASS FILAMENT SANDWICH CONSTRUCTION 
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Figure 115 



OPTIMUM WEIGHT - WIDE-COLUMN CONCEPT 
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Figure 116 
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MINIMUM WEIGHT - WIDE-COLUMN CONCEPT 
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MINIMUM WEIGHT - COMPRESSION PANEL CONCEPT 
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2024 Z S.P. 

GRAPHITE 2 S.P. 

181 E-CLOTH T.C. 



- GRAPHITE TAT PLATE 
S-GLASS 2 S.P 

_ Mg YTTRIUM Z S.P 
POPLAR 
PLYWOOD 



S.P. = STIFFENED PLATE 
F.P. = FLAT PLATE 




• GRAPHITE HON.SANO.I 
-GRAPHITE TRUSS CORE 
• S-GLASS HON. SAND. 
-2024 HON. SAND. 
' 181 E-CLOTH HON. SAND. 
-S-GLASS TRUSS CORE 
-2024 TRUSS CORE 



to too 



200 



1 1 I UJ 

000 1000 




JJt- 



FIGURE 118 
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OPTIMUM (MAX.) STRESS - WIDE COLUMNS 
ALUMINUM SHEET - STRINGER TYPE 
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Figure 119 
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ohaar ^nels: Wing, fuselage, and empennage skins on small aircraft 
(Includ ng helicopters) are of light-gage construction. Loading Intensities due 
to torsional shear are low level; therefore, the panels are normally designed 
or shear buckling at the I to 1.2 g level. This requirement Is established 
for appearance purposes since the panel Itself has ample strength to carry the 
ultimate torsional shear flow as a tension field member. 

Materials for shear panel application are compared on a thickness basis 
In Figure 121. The curves were obtained through a substitution and division 
process of the shear buckling equation for flat plates. 



Shear buckl Ing: T 



K r E t 2 Where: 



cr 



s c 



b 2 



cr 



V * 



N xy « q 
Therefore; 



torsional shear flow; 



N xy /t = 



K s E c t 2 
b 2 



N 



W 3 



xy 



T cr = shear stress at which 
panel wl I I buckle 

" shear buckling coefficient 
dependent upon edge condi- 
tions around panel (Rof.Flg.122) 

a short side dimension of panel 

~ panel thickness 

- compression modulus of elas- 
ticity 



K s E c t3 



K 



V b = ~^T- =K s E c (t/b)• , 



Obtain structural index (abscissa) : „ vv 

3 x y 

Calculate ordinate: t/b /K s = (N x /bE) 1 ' 3 

_ Minimum weights versus structural indexes for flat plate shear panel 
materials are presented in Figure 123. Curves were derived by multiplying shear 
buckling equations, as modified for minimum thickness form, by material den- 

s!+y ' w : 3 1/3 

wt/b /R^ = w (N xy /bE) But: W = wabt , w = W/abt 

Where: W= panel weight Therefore: ,.,,,.,_ 3,^- ,.. ,. _sV3 
a = long side of panel 



Shear buckling coefficients, K c , 
In Figure 122. 5 



W/b 2 a = v^ = w (Nxy/bE) 
for various edge conditions are shown 



Compression Flanges: In reviewing candidate materials for use as corn- 
inn!! w?m S ng9S ?" ! P ! PS and s,milar ben dlng members, the following structural 
index will be applied to represent crippling efficiency: 



S = 



<!55l 



This relationship is in general agreement with Needham's equation for 
crippling in reference 19 and assumes b/t , flange width to thickness ratio, 
to remain constant. 

Crippling structural efficiencies for candidate materials are illus- 
trated In Figure 124 . 
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MINIMUM THICKN ESS SHEAR PANEL BUCKLING 
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Figure 121 
SHEAR BUCKLING COEFFICIENTS FLAT PLATES 
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Installation Cosfs; In determining the feasibility of various structural 
material concepts, the total cost of the Installation must be compared against 
the dollar's worth value of a pound of material saved. The installation cost 
includes material cost plus fabrication cost. In order to justify a material/ 
concept change, one of tho following conditions must be satisfied: 

(1) significant weight savings wl Mi no Increase In 
total ins fa | | at Ion cost 

(2) slqnlt i< did decrease In inslallation cost with 
no approc i ab I o i ncroase I n wo I ght 

(/0 sign iti cant weight savings wilh significant cost 
savi rigs 

The dollar's worth value of a pound of weight saved for the typical four- 
place light airplane, which will be discussed in the following main section, has 
been calculated versus buivice life. See Figure 74. 

In the following evaluation of required break-even costs versus material/ 
concept, a $2.00 per i-ound value for a pound of weight saved will be used for 
the light aircraft, based on a 3 7 >3 hr/yr utilization rate with an original 
single-owner expectancy of 20 years. See TABLE XI for a detailed discussion. 

A typical light aircraft will be used as a baseline against which 
weights and costs will be compared. This airplane utilizes aluminum sheet 
metai stringer-stiffened construction, with a two-spar wing. Its installa- 
tion cost per pound, C |b , is $7.00 for an empty weigh! of 1500 lbs* (ref.FIg.71) . 

To determine the required break-even fabrication cost per pound for 
candidate materials/concepts, the following derivation is performed, noting 
that the letters n and b in the subscripts indicate new candidate and base 
I i ne mater I a I s , respect i ve I y : 

Installation Cost - Material Cost + Fabrication Cost: P = P + p 

I m f 

* Where: P^ = Mat' I Cost/lb x Weight = C m W, And: P f = Fab'n Cost/I b x Weight - C f W 

* Therefore: P f * W (c m + Cf ). Substituting candidate mat' I for base line mat' I: 



Price Increase < 



Weight Decrease a Do1 lar ' s wor+h of a P ound of material saved, or ^ 
Where: tf . P |n - P|b . ^ + <g_ ^ + ^ and 4W . ^ . ^ 



AP < 



Therefore, C 



w 



^^-^., t ^ Wb(Sb/Sn ) 



* Mat 1 I - Maturials; Fab 1 - Fabrication 
lb/ 



t»m < i OiUUM-m r 



■/..:, '■}MWP& 



\ «P 



--:7 






tin a, * 

J. " 7 > 



:-.** 



o #/■' 



Where: S b - structural efficiency of baseline material 

S n = structural efficiency of new candidate material 
So: C "b(V S nKn * C « „V "b ( C .b * C ,b) ( V^n * SnH C m b » C th ^ 

w b - «4v s ,) " ' - v s r~ — 

Re-arrange, in terms of new candidate fabrication cost required to break even 
on material change: 

(' " V S n X°w) + ( C mb + C fb) :, ( S b /S n)( C m n + C fn} Flnal '*' the retrod fabrlc,-,- 

(' - V 8 n)( c ,M c ,b * CJ 

V S n 

I'rom which the required Installation cost Is: C, = C + C 

In fn mn 

The maximum breakeven fabrication and Installation costs for material/ 
concepts used as tension members, shear panels, simple columns and wide col- 
umns and compression flanges are calculated In Tables XXI and XXII. In the 
case of wide columns, non-optimum factors due to practical stringer spacing 
and Joint reinforcement are accounted for In calculating breakeven costs 
(ref . Table XXII ). 



Hon cost Is: C^ « ' ~ — •■' . ) . ■ - ■ : — * -r , , . . ■■ rr , p 

fn S L /S. L mn 
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8.85 


9,85 


Yes 


S-Glass (0°) 


(2.00) 


2880 


.20 


38,80 


40.80 


8.85 


10.85 


Yes 


1" S-Glass/Epoxy 


(2.00) 


750 


.79 


6.84 


8.84 


5.90 


7.90 


Yes 


Sitka Spruce 


0.o7 


o2o 


.94 


6,4? 


7. 12 


1 1.80 


12.47 


No 


Spruce-Staynak 


( 1 . 34 ) 


760 


. 78 


7 , b6 


9 . 00 


1 t.80 


13.14 


No 


ZK60A-T5 


3. Of 


682 


. 8( > 


4 , 89 


7 . 95 


5.90 


8.9b 


No 


COMPRESSION FLANGES 






- 599 








Baseline Material = 606I-T6, S 


= VF 

f 


Ec/w 


C. = C . + C,, = 0.44 + 5.90 
lb mb fb 


=■■ 0.34 








20I4-T6 Extr. 


0.97 


760 


.79 


7 . 60 


8.57 


5.90 


6.87 


Yes 


1" S-Glass/Epoxy 


(2.00) 


MoO 


.5? 


12.00 


14.00 


5.90 


7.90 


Yes 


MG Yttrium T-5 


(6.00) 


852 


.70 


5.90 


9.90 


5.90 


1 1.90 


No 


Graphite (6) 


(1.00) 


1350 


.44 


15.95 


16.95 


8.85 


9.85 


Yes 


5-Glass (6) 


(2.00) 


955 


.63 


9.25 


1 1.25 


8.85 


10,85 


Yes 
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Materia I /Concept Feasibility; The feasibility of the various material/ 

^l n +! P f + K S + ! Va,U ! +a ? ^ c ° m P a r ,ng +he m£ >* lmum allowable break-even fabrication 
costs with the actual fabrication costs. 

The actual fabrication costs are as follows: 






«r T; B t 



X a 



Material/Conce pt 

Truss Core 
Honeycomb sandwich 
Aluminum zoo strtnqor 
Reinforced plastic zoo stringers 
Wood construction 



C fn ($/Lb-) 



15,00 

19,20 

5,90 

8,85 

11.80 



Tables XXI and XX 1 1 also compare the break-even fabrication costs with 
the actual fabrication cog I a for the various types of members, 

In the final annlysls,thooo materia I /concepts deemed feast b lo are review- 
ed from the standpoint of change In purchase price ot airplane, change In operat- 
ing costs over 20 year (6667 hr.) period, and the net overall savings realized. 

The wide column concept for two different structural Index levels Is 
shown as an example In Table XXII, The change In purchase price of the airplane 
Is determined as follows; 



4$ PP "ft C ln " *b C lb)( K pX K d)' Where: 



defined on p. 162 



Therefore: 



A$ PP = W b[(V S n)( C ln)- C lb] K p K d 



n' In' 

V C lbj| 

K = I. "10 (based on 10? profit ) 

K d = 1.33 (based on 33? markup for ) 
( distributor and dealer ) 

K K, = I. 10 x 1.33 * 1.46 
p d 

W n = VW (ref « P' 162) 



The change In operating costs over 20 years (6667 hrs.) Is based on the 

worth of a pound of material saved being equal to C *$2.00 (ref . Flg.74) . 

w 

Therefore: A$ qc .(w, - W n )(c w )* * b (l - S./S^) 
The net overall savings realized Is equal to: 



$ 



savings 



S $ s ■ A$ oc - A$ PP 
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Fatigue Evaluation ." Ex I sling requirements for the strength of light air- 
plane structures are based largely on the concept of "one-time" loading. For 
many years this appeared to be satisfactory but recently It has been recog- 
nized that the margin of safety provided against failure under "one-time" 
loading may no longer be adequate with respect to the repeated loads which 
occur during the lifetime of the aircraft. A survey of the 1963 General 
Aviation Accident Reports Indicates evidence that some airframe failures could 
be attributed to fatigue. 

nrnf . W ! lflthQr or not the fa ,, urnr> | nvt ,, vmJ wuro fho ro£ . g|1 . , 
proficiency, lack of respect for adverse weather, or the result of InadorU to 
Inspection and maintenance |r, of secondary Imporlanco. The polnl Is that the 
;°'T IVe ^countered flying conditions which resulted In loads being 
applied to the a r frame of sufficient magnitude and frequency to cause 
catastrophic failure of the primary airframe structure. 

Lslahllnhlng a fatigue Load Spoclrum: Up to tho present time, llqlvl alr- 
plano manufacturers have doalyned their aircraft to FAA requirements per I .A.R. 
m/ ii ..I '? docu "' 0,lt dous not require proof by analysis or tost of the "safe 

ft) or "fa I safe" characteristics of their aircraft. At tho samo time 
little data Is availably with regard lo what l.oad spectra should be used bv 
operators of the various category airplanes. 



An assessment of repeated loads on general aviation and transport aircraft 

u.tl Jo r f i UC l ed " m "l e "\ h ^ b * NASA ' S Lan 9^V Search Center ? he £ 
^'1* I? d °t e f° P^ented »" references 48 and 20. They reveal a large amount 

of gene"raT avie^on?' ' '^ ^^^ dUe ^" C ^"V "o the d.verse'naCe 

Composite VG records (positive and negative accelerations vs alrsoeed) from 
re erences 48 and 20 for different types of operations are presented 7n Figure 
ra f' Th ^ e da+a . are superimposed upon their respective V-n diagrams to Indl- 

the des?™ f n n K 8+ "T^ ^"^ be In respect to possible excee a nee o 
the design flight envelope. Design flight envelope exceedances In the low soeed 
portions are probably due to landing shocks and are not considered significant 

A review of the Instructional flying records. Figure 125, reveals a case 
where a particular aircraft exceeded the design dive speed as well as the 
positive and negative limit load factors at the design dive speed. 

+h J he + ! W,n 7? n ?l n ? e * ecu+lve operations, Figure 125, show one case of exceeding 
the negative limit load factor at a speed slightly less than design cruise 
Investigation revealed the Incidence to be gust Induced. 

The following significant conclusions can be made after revlewinq the 
composite VG records. 
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COMPOSITE VG RECORDS - FIVt TYPES OF OPERATIONS . 
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(1) Atmospheric- induced, as well as pi lot- induced, loads in excess of the 
design flight envelope may be encountered during normal operation of 
the general aviation fleet. 

(2) All types of operations are flown above the design cruising speed. 

It is evident, therefore, that General Aviation should be classified into 
different roles. Needless to say, the fatigue load spectrum will be different 
for each role. 



Estimation of Fatigue Life: The estimation of fatigue life using the 
Miners" Cumulative Damage Rule involves the calculation of damage incurred on 
the airplane as a direct result of its operating environment. 

Generally speaking the operating environment for a light airplane 
regardless of its type of utilization such as executive, personal, instructional 
or commercial survey operation, can be defined as follows: 



(I) 



Gust Environment - The airplane while in steady flight encounters 
a specified number of positive and negative gusts of varying in- 
tensities defined by the gust spectrum for the airplane. 



(2) Maneuver Environment - The airplane is subject to a specified number 
of positive and negative maneuvering loads of varying intensity 
defined by the maneuvering spectrum for the airplane. 

(3) Ground-Air-Ground Environment (G.A.G.) .- At least once per flight the 
airplane is subject to loads associated with the following conditions. 

a) Taxi condition at maximum take-off weight. 

b) Steady Ig Flight Cruise Condition at minimum landing weight. 

c) Landing impact loads at maximum landing weight. 

From a structural design aspect it is apparent that before any design 
fatigue load spectrum can be developed and before any safe life prediction can 
be made, it is necessary to define not en I y in what roles that airplane is 
going to be utilized, but also for how long it is going to be utilized in one 
role before being used in another role. This is obvious when one is confronted 
by the following statements: 

(1) Landing Impact Acceleration for instructional -type airplanes is more 
severe and more frequent, approximately 4 per 30-minute flight, than 
on any other category light airplane and will account for a con- 
siderable amount of damage in the fatigue life of the airplane. 

(2) Commercial Survey Aircraft have the longest flight duration, therefore 
less G.A.G. damage is inflicted on the airplane. They have more 
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severe gust experience than other types of usage, since 97$ of the 
time they are in rough air. 

Pressurization Considerations: The effect of pressurization produces a 
S ^!f co " fl ^ ra t Ion consisting of hoop stress and longitudinal stress In 
addition to the In-flight shear, bending moment, and torque loads on the fuse- 
lage structure. It then follows that the weight of the basic pressurized 
fuselage wl I I be higher than that of an unpressurized fuselage. From a minimum 
weight standpoint, the optimum structure is cylindrical with the elimination of 
flat or slab panels. 

Sealing requirements demand that careful consideration be given to the 
number and spacing of rivets, particularly at longitudinal and transverse skin 
splices and at the attachment of pressure bulkheads and canopy structure. 
Likewise, more care must be taken in the fabrication, inspection, and quality 
control of the fuselage structure, particularly in the region of cut outs in 
the structure for windows, en-,' ry doors and access doors, at the attachment of 
the floor structure to the frames of the fuselage,and at the intersection of 
the wing and fuselage. 

Entry doors and their locking and operating mechanisms should be designed 
on the fail safe concept to insure that the door structure and the sealing 
qualities are adequate should a simple failure in one of the latches or shear 
pins occur. 

The use of metal -to-metal adhesive bonding, particularly to reinforce 
areas where high stress concentrations are present, increases the fatigue 
life of the fuselage. It demands good quality control and considerable 
component testing. Materials exhibiting low crack progagatlon characteristics 
are important. As an example, it has been shown (ref. 21) rhat 7075-T6 
aluminum alloy is more prone to explosive fracture than 2024-T3 alloy. 

From a structural standpoint, it is highly probable that any fatigue 
crack, once started, will tend to run longitudinally along the fuselage. This 
Is due to the fact that In a pressurized fuselage the stringers are fairly 
closely spaced and the hoop tensile stress Is twice the longitudinal stress. 
For this reason, circumferential reinforcing rings are placed at intervals 
along the fuselage to arrest the crack propagation of a fatigue crack and to 
reduce the hoop stress in the skin. 



The 
Wi 1 1 iams 
restrict 
the area 
the skin 
that the 
to the ri 



spacing and cross section of the reinforcing rings are important 
(ref. 22) states that rings spaced more than 30" apart, while locally 
ng the radial expansion of the skin, allow unrestricted expansion in 
midway between the rings; with a 10" spacing the radial expansion of 
nowhere exceeds that of the rings by more than a small percentage, so 
maximum hoop stress in the skin is equally reduced by material added 
ngs as by the weight added to the sMn. 
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Material Fatigue Properties: Many mechanical devices are subjected to 
forces that vary in magnitude and, often, in direction, if this variation 
occurs a relatively small number of times and the stresses do not exceed the 
yield strength of the material, derign studies can be made safely on the basis 
of the static properties of the material. Unfortunately, this is not true in 
the design of airplanes since the structure usually experiences nnny repeated 
loadings (magnitude and direction) in Its service lifetime. 

This section summarizes and compares the fatiguo properties of some of 
the baste materials as previously selected for aircraft structural appl icatlons. 
This data has been compiled and evaluated to present a qualitative picture 
of the fatigue characteristics associated with the material. 

For the most part, complete information was not available for the ma- 
terials; therefore, various methods were utilized in extending the data to 
provide Information which could not be obtained directly. All the fatigue data 
shown represents axial loading tests and is ultimately plotted as standard 
S-N curves whereby the points along the curve represent the number of loading 
cycles a material may endure at a particular max stress before failure. 

S-N curves for notched and unnotched sheet specimens representing stress 
Ratios (R) of -1.0 and +0.25 are shown In Figures 126, 127, 128, and 129. For the 
most part, these curves are derived by means of averaging the results directly 
from several references as shown in the respective tables. 

Where basic information in the reference did not provide data representing 
correct stress ratios from which comparisons could be made, the basic data is 
expanded through use of an approximate Modified Goodman diagram. This method 
Is described in reference 23. 

The reference literature (ref. 24) associated with the 4130 and 4340 
materials provided fatigue data in terms of alternating and mean stress. With 
use of modified Goodman Diagrams it is possible to reconstruct S-N curves 
(Figures 130 & 131) as a function of maximum-stress and any stress ratio desired. 

Figure 127 illustrates that the fatigue strength of the higher strength 
aluminum alloy (7075-T6) actually is inferior to the lower strength alloys. 
This would suggest that increases in static strength have been obtained at the 
expense of an actual reduction In fatigue strength. 

This is not true in the comparison of 4340 and 4I30 steels; however, the 
difference in the static strength of these two materials is much greater than 
the difference in the fatigue strengths (ref. Figures 130 and 131) . 

Comparison S-N curves for plastic laminates reinforced with unwoven glass 
filaments are presented in Figures 132,133 and 134. The curves represent three 
constructions: (I) all plies parallel, (2) alternate plies + 5° to the 
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S-N COMPARISON CURVES FOR AXlALLY LOADED ALUMINUM ALLOYS 




10* |(T 

CYCLES TO FAILURE (N) 
Figure 126 



S-N COMPARISON CURVES FOR VARIOUS MATERIALS 
I Mill 
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CYCLES TO FAILURE (N) 
Figure 127 
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S-N COMPARISON CURVtS \QR AX I ALLY LOAULU ALUMINUM ALLOY 

7 



— 1 1 1 I I | I I 

SMOOTH SPECIMENS: 
K L p 1.0 

AXIAL LOAULD: 
STRESS RATIO: R 




10" |0^ 

CYCLES TO FAILURE (N) 
Figure 128 
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?ni?^J +!';'* 3) al+ernate P' les ° ^d 90° to the principal axis. All 

E-o af/tvn! U 9U ? S+ren9+h ° f +h8 S - g,ass * 'laments to beeper \Vr to the 
E-g ass type. It also appears (Figures 133 and 134) that the fatlaue char Jw 

ame C ren{ re:,ns" 9laSS ' am ' na+eS "*> >* ™ fUr+h * r '^^ -1^?^? " 

In recent years, more and more consideration is being directed toward 
Iu e A f ?xt ure char actertstics of materials. Acceptance Is given to the fact 
that fatigue failures could occur as a result of one or a combination of 
several loading environments. These environments include normal working loads, 
noise induced vibrations, and accidental damage. When a crack originally 
develops in a structure, it creates a point of high stress concentration, and 
subsequent application of normal service loads will cause further extension of 
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S~N COMPARISON CURVES FOR VARIOUS MATERIALS 
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CYCLES TO FAILURE (N) 

Figure 129 
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the crack. This extension, of course, largely depends upon the load/stress 
level and the inherent crack-propagation characteristic of the material. It Is 
extremely important these cracks be detected before they can extend to a length 
which woud cause a catastrophic failure. Structural inspections take place 
periodical I y, and consist of frequent visual examinations to detect any obvious 
defects, together with a detailed overhaul about once a year. 

Two questions which still need answering are as follows: 

(1) How long must a crack be before it can be detected? 

(2) How long can it become before it leads to serious failure? 

The ideal condltton would be such that a defect which is approaching a 
detectable length would not become catastrophic prior to the next scheduled 



174 



- e^ * «! ' - Jf i | MJ Ju ipi l i n 



■ l -'.:.,v .■'. : -:'»^" ■'■'■■ 



v" ..v j*._ \l : , n 



jWriHTfiMlgW^fr 



Jg^B ^^ ^^t^'^^^ 



* 



■'rf« 



". " * 



•".^ 



a & ft 

b" ■ 



A 



S-N COMPARISON CURVES FOR AXIALLY LOADED 4130 & 4340 STL. ALLOYS 
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CYCLES TO FAILURE (N) 
Figure 130 



inspection. A good design would therefore consider a material which would 
satisfy these requirements; I.e., low crack-propagation rate to allow suffic- 
ient time for crack detection and high notch resistance to insure adequate 
strength at any crack location. These requirements actually have led to a 
return to the use of lower strength aluminum alloys, particularly In fatique 
critical areas. 



175 



( 



, ,;,^v j; 



***** 



r\ 









■■,-»* 



EX 



^*|^£W ■ * ,sft£— 



"V*" 



* M <M 




#w& 



■■• *■>■■ 



-VA- . 



« * ;HK 



4 -^ 



S-N COMPARISON CUR VES 



FOR AXIALLY LOADED 4130 & 4340 STL Al JOY' 




10^ 10* 

CYCLES TO FAILURE (N) 
Figure 131 
S-N CURVES OF LAMINATES MADE OF SCOTCHPLY 1002 RESIN AND 
UNWOVEN GLASS FIBERS, ALL ORIENTED PARALLEL TO THE PRINCIPAL AXIS 
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CYCLES TO FAILURE (N) 
Figure 132 
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CYCLES TO FAILURE (N) 
Figure 133 

S-N CURVES OF LAMINATES MADE OF SCOTCHPLY RESINS AND UNWOVEN GLASS FIBERS 
HAVING ALTERNATE PLIES ORIENTED AT *5° TO PRINCIPAL AXIS 
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CYCLES TO FAILURE (N) 
Figure 134 
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Fastening Pevlces and Methods ,~ Metals may be Joined by either mechanical 
means (such as bolting) or by welding, brazing, soldering or adhesive bonding, 
All of these methods may be used to some degree In aircraft construction. 
Soldering Is never used for structural purposes, but is frequently used in 
electrical work, 

This section includes a discussion of the various Joining processes 
adaptable to aircraft construction. Each method Is presonted In the following 
manner: 



(J) 
(2) 



A brief description. 

Illustrations arc provided ur necessary to clearly define 
the method of construction, 



(3) Typical allowable f>1rongths are given where applicable, 

(4) Soma comparisons (Tatigue and Static Strengths) are made 
between two or morn of the techniques used, 

(5) Advantages and disadvantages of oach method aro listed, 

(6) Typical applications In aircraft manufacturing are given 
for each Joining process, 
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Riveting: Rivets play an Important role In the light aircraft Industry. 
At the present it is the primary method of Joining aluminum. Riveted con- 
struction Is readily controlled and inspected, and It does not require the 
application of heat that might partially anneal or significantly Impair the 
corrosion resistance of the heat-treated alloys used. The limited heating 
required in dimpling sheets of some alloys, and tempering before riveting does 
not impair essential properties. Sheets less than 0,050 inch thick generally 
are dimpled for countersunk head fasteners. Thicker material is machine 
countersunk. 



Countersunk head rivets are used primarily for attaching outer skins 
whereas universal -head (modified round) rivets are used extensively tn in- 
terior structures where protruding heads are not objectionable. Surface 
skin panels often are riveted by automatic machines (as Illustrated in Figure 
135) made to form one or both heads of the rivet. The machines are fed 
with rivets or slugs; end the heads are usually shaved flush with the exterior 
surface. 

Rivet alloy 2II7-T4 is the most popular for general use, especially for 
automatic riveting, because It retains good driving characteristics Indefin- 
itely after solution heat treatment. 2024-T4 aj loy rivets are used occasion- 
ally where higher strength Is required; however, these must be used within 
30 minutes after heat treatment, or refrigerated until used. 
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STANDARD AUTOMATIC RIVLTIIJc; MACIIINL 




Figure \5>j 



Specifications for tho design of aluminum-alloy structures generally 
designate the rivet alloys to be used. TableXXIII lists some combinations of 
structural and rivet alloys that combine satisfactorily in many applications. 
Compatabl I Ity from the standpoint of electroly+ic corrosion could be one re- 
quirement. Alloy 2213 is generally specified where rivets are to be used 
at elevated temperatures; however, this probably would not apply in the I iqht 
aircraft field . 

It is considered poor practice to use a large rivet In relatively thin 
metal or a small rivet In thick metal. Furthermore, a loss In shear strength 
can result when a relatively soft rivet is driven In a hard, thin plate. 
Tests indicate reductions In shear strengths of approximately 30 percent when 
the rivet diameter Is four times greater than the sheet being Joined. 

The type of rivet to be driven generally governs the selection of the 
driving method. All standard rivets require backing up, pressure, or Impact, 
and a drlvlng-set or head-forming fixture. Blind rivets require special tools. 
Common practice Is to drive solid aluminum rivets with either squeeze riveter? 
or pneumatic hammers. The cup In a rivet set must conform to the style of the 
manufactured rivet head. Bucking bars or pneumatic backups used In hammer 
riveting should have sufficient force to counteract the hammer blows. 
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TAPLC a a II I 
ALUMINUM - SATISFACTORY COMM NAT IONS 
01' STRUCTURAL AND RIVET ALLOYS 
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RIVET ALLOYS 



1100 

601)3,6061 
'3056, uOP3, 6061 
601 3, 6061, /;'77 

; v oi7,20;^,;-il7,/?i9 

<>0r 1,7071,7/77 
SOhO 



. MiisImTvi.I.mI Inliih, rr.i|nl|-(. ,-Miiiil.-r-.iiiiK I.ckI i-lviil!,. Ill I hot I tin m,jnu" 
.HJlur.xl or IImi driven head . ,m l.w> m»iiirl iic.iinK j howovnr, In most Instnnros 
Tho manutarliirud < < llM | loisunF hood F, ir,od. ( .Vjiiii I dt-, J nKI n<i lh<> metal fur 
flush rivoTs F, don,! | iy machlno c < .ui i F. u r, I nF- 1 n<t In heavy gagas, or hy pro- 
ill nip 1 1 mm or dimpling In thinner gages, as Is common | n aircraft construction 
In o prod Imp I Inn opuinllun, dies ,jin usud | (i p( ,,v, countersink tho metH 
whereas In dimpling, the rivet Is used with a dlo. For some alloys, boated 
dies must by used. Counters ink Inn can also bo aeeompl I bh«d by splnnlnq 
rather than pressing. Either tuclinhim. used if, Influenced by fhe thickness 
and strength of 1 ho ulloy, rivet she, hole dinmoler, and countersink angle. 

It Is Impo-tant that all driving solo have smoolh polished surfaces so 
fhe metal can flow easily while being formal. As a rule the diameter of 'the 
driven head should not bo loss than 1.3 times The diameter of the orlqinal 
shank. The rivet length should be sufficient to fill fhe hole and form a 
satisfactory head. 

Tubular, semitubu I ar, and split rivers are usually driven with hiqh-speed 
automatic or semi -automatic riveting machines. 

Driving equipment required for blind rivets depends on the rivet type. 
The drive-pin type can be driven with an ordinary hammer; the explosive Vpe 
requires a heat source such as a soldering Iron. Most manufacturers of blind 
rivets provide the driving equipment needed. 

Careful attention to details In rivet d-asign and fabr'catlon pays big 
dividends in fatigue life. When a fatigue failure occurs in a structure, it ts 

U ?i!u ^x? + a poin+ ot s+rGSS con centratlon which could have been improved 
with little or no added expense. 

To meet the requirements of largo volume production demands, automatic 
riveting machines must be used to Insure high quality with reasonable costs. 
Commercial and Military aircraft manufacturers have been using automatic rivet- 
ing for more than five years. It has been estimated fatigue life is 'increased 
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RIVETING EQUIPMENT 





Stationary Squeezer 



Figure 136 



Portable Squeezer 
"Alligator" Type Yoke 




Portable Squeezer 
"C" Type Yoke 



by approximately 200 percent over hand riveting. This Increase Is attributed 
to riveting uniformity, something impossible with hand riveting, 

A large commercial aircraft manufacturer is installing one of the world's laraest 

rriixs ™z: es at ,ts piant - R,vetin9 - ? " * ^<°™< «£%£ 
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This machine Is equipped with an automatic-sensing device, whereby 
r voting Is performed to tolerances of 0.005 Inch while maintaining con- 
sistent repeatabi I ity. Normal I ty sensors automatical I y determine the contour 
of the wing surface; and guide the angle of the drill accordingly so all holes 
are exactly alike All operations of this system are preplanned on perforated 
tape to automatically cycle from hole to hole while drilling, counters Inkl no 
pressure squeezing, impacting, and shaving the rivet to a smoolh surface 
corresponding to the panel contour. 

Automatic riveting machines can be set up to travel over the panel or 
remain stationary while the work, held In a fixture, moves past the machine. 

The size and shape of the assemblies determine which method Is more suit- 
able. Tack rivets are used to temporarily fasten the sheets together, and later 
are replaced by permanent hand-driven types. 
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TABLE XXIV 
ALUMINUM RIVET ULTIMATE SHEAR STRENGTH (single shear In lbs) 



M 




0.020 
0.025 
0.032 
0.040 
0.050 



Protruding Head 

(3/32") (1/8») 
AD3 AD4 



202 
210 
217 



374 
386 
388 



Dimpled Sheet 
2024-T3,T42,T81 



(3/32") 
AD3 



CI/8 1 ') 
AD4 



209 
235 
257 
273 



299 
360 
413 
451 
484 



Countersunk Sheet 
2024-T42 and higher 
Structural Aluminum 
(3/32"). CI/8"). 
AD3 AD4 



132 
156 
178 
193 
206 



163 
221 
272 
309 
340 



Sheet gage is thickness of thinnest sheet In a single shear application. 
Bearing strength of particular sheet used must also be checked. 
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A fatigue life comparison of a well designed riveted Joint to several 
adhesive bonded Joints Is shown In the section on bonding In Figure 143. It 
appears, at least from this standpoint, better performance would be expected 
from a bonded Joint; however, considering all the parameters (cost, reliabil- 
ity or qua I ty control, production schedules, etc.), the automatic riveting 
concept could prove most worthy. 



Electric Welding: Electric welding Is often used In aircraft construction. 

itaii. ™h nil Tl n9 mS+ M d U ! Qd for Joln,ng s+ruct ^al corrosion-resistant 
steel; and has been general ly adopted for most aluminum al loys. Six basic 

w!?H?I an + e We i d '? 9 PC°? e f ses are commonly used with aluminum: spot, seam 
weld ng to make lag Joints, upset and flash-welding for butt Joining, per- 
cussion welding to attach studs to surfaces. joining, per 

a +. Th6S u P[ ocesses are ra P Id a ™* economically Jusfffied for high volume pro- 
duction. With proper material preparation consistent weld quality mav be 
achieved automatically by the welding equipment. This technique Is Independent 
of operator skill; and one machine may be used to weld a range of thicknesses 
and sizes 

Spotweldlng: Used prtmarily In shear applications; however, It Is not 
recommended In the following areas: 

(1) attachment of flanges to shear webs 

(2) attachment of spar caps or shear web flanges to wing skin 

(3) attachment of ribs to spars or shear webs 

(4) at truss panel points In spars or ribs 

(5) at Junction points of stringers or stiffeners with ribs, unless a 
stop rivet Is used 

(6) at ends of stringers or stiffeners, unless a stop rivet Is used 

(7) on each side of a Joggle, or wherever there Is a possibility of a 
tension load component, unless a stop rivet Is used 

(8) splices exposed to the alrstream should be so designed that flow 
of the alrstream would not tend to pry It apart 

Anodlcally treated surfaces cannot be spotwelded; consequently the 
faying surfaces of a spotwelded seam must be left unprotected prior to weldlnq. 
The assembled parts are anodlcally treated or painted after welding. For this 
reason there Is some doubt about the advisability of spotweldlng aluminum 
alloys, other than 5052 or clad materials, If the assemblies are subject to 
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lZnL C0 + rr +l ]0n / ,' + ' S P° ss,ble t0 spotweld through wet zinc-chromate primer 
applied to the frying surfaces. H 

A French aircraft company, has recently developed a series of light air- 
craft, using spotwel ding quite extensively. This company set out to Incorporate 
. mass-production techniques, and In so doing reduced costs accordingly. The 
number of parts Is reduced by using certain components In several applications. 
Standard joining techniques are employed In fabricating major subassemblies 
(wing section, forward fuselage section, aft fuselage section, etc.) These are 
mated on the final assembly jig as In an automob I le assembly I Ine. 

Normal riveting Is limited only to primary Joints; whereas all the re- 
me- -Ing connections are spotwelded with automatic welding machines. These 
mac nes are programmed with perforated tape to perform the complete weldinq 
operation; consequently the operator stands by and only takes over In the 
event of any malfunctioning. 

Fuselage welding Is performed in two stages. By usinq this fabrication 
^abcTteX's? S+rUC+Ura ' ^^ ° f +h * fUSe,a9 * *™ Sld'^^Mn". 

The fuselage consists of a forward section and tail cone Joined bv a 
riveted skin splice. The longerons also extend out from the rear section, and 
are spliced with rivets to the longerons of the forward section. This con- 
stitutes an all riveted primary Joint. Figure 137. secT,on ' m,s con 

ri^iMf !! ° f , +he W iu 9 '? P erformed !n a very similar manner whereby 
riveting is used only on the wing spars, ribs to stiff eners, stlffener to 
spar cap attachments, all these considered as primary Joints. 

The ailerons and flaps have identical profile. The skin is formed over 

(Sf FU °n 8 ? Th P °I We n' + V he . rIbs and ben+ ^P ^eet metal longeron. 
CRef.F 9.138) The trailing edge is constructed with beaded sheet metal skins 

tlnnlll + ?i +he r M S ' +h ! IOn9er ° n and a+ +he traIlln 9 ed 9*' Thll pioSis 
app I i es to all movable surfaces on the aircraft. 

Design-Allowable Strengths of Resistance Spotweids: The strength of a 

XfSJJS IV +t ' S 9 T er iT d by .! he Shear stren 9 fh of +he ^dividual spots, and 
lor. hSh !L +h h spo+ f lds ° n +he +ens!le strength of the basic sheet. There- 
fore, both the shear strength of the spotweld, and the tension efficiency of 

IJotwe I Jed jo I ■,? ' mUS+ bS Cons,dered in determining the strength of a 

T ah i« T !Sv all S Wable ul+,ma+e shear strengths of single spotweids are given in 
I Jnn+llr, K V !' UeS f 6 r *P roduced from MIL-HDBK-3. The allowable strength of 
a spotwe d between two sheets of dlffr-nt material or thickness is the lower 
of the allowables for the individual .., .v,ts, as determined from tie tables 
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CURRENT LIGHT AIRCRAFT SPOT WELDED FUSELAGE CONSTRUCTION 
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The longitudinal stlffeners are first welded to the skins. The transverse 

mteTlnTo IhT W8ld H d 1° +he t pane ' Wh,Ch is dicier.??; flSIlblSTbT 
fitted Into the second stage jig without any shaping. 

Figure 137 
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CURRENT LIGHT AIRCRAFT SPOT WELUEP FLAP CONSTRUCTION 
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Figure 138 



TABLE XXV 

ALLOWABLE ULTIMATE SHEAR STRENGTHS OF SINGLE SPOTWELDS (ALUMINUM ALLOYS) 

(Pounds per Spotweld) 



Sheet 
Thickness 
( Inches) 


Aluminum Alloys, Clad or Bare 
Ultimate Tensile Strength of Material - psi 


Below 19,500 


19,500-27,999 


28,000-55,999 


56,000 & Above 


3003-0 


3003-H14 
5052-0 


6061-T4 
6061-T6 


2024-AII 
Tempers 
7075-T6 
7178-T6 


0.012 
0.016 
0.020 
0.025 
0.032 
0.040 
| 0.050 


16 

40 

64 

88 

132 

180 

236 


24 
56 
80 
116 
168 
240 
320 


52 
80 
108 
140 
188 
248 
344 


60 
88 
112 
148 
208 
276 
372 
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Due to the anticipated light loadings Involved with this type of aircraft, 
the Joint strengths would be based primarily on the shear strengths of the 
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Seam welding: Identical to spotweldlng, except for the use of power- 
driven rollers as electrodes. A continuous airtight weld can be obtained at 
the rate of two to seven feat per minute by this method. 

Some advantages of electric resistance spot and seam welding; 

(1) Spotweldlng Is foster than riveting because no layout and drilling of 
holes are necessary. Numerous spotwelds can also be made In the * 
time required to Insert and head one rivet, 

(2) Spot and seam welding do not add weight to the structure. 

(3) Seam-weldod watertight Joints do not require the Insertion of tape 
and a sealing compound. Weight and expense are saved. 

(4) The drag of rivet heads is eliminated on exterior surfaces. 

Butt welding: Butt welding Is appl tcable to almost al I metals. The work 
to be welded Is clamped In large copper Jaws also serving as electrodes. One 
of the Jaws is movable. At the proper time, pressure is applied to the mov- 
able Jaw to bring the work In contact. When the electric current Is applied 
after the parts are pressed together It Is called upset butt welding. In flash 
welding the edges are brought close enough together to start arcing, and when 
they reach fusion temperature, the current Is turned off and pressure is 
applied. All wrought alloys of solid cross-section up to about 0.5 square 
inch in cross-sectional area can be upset butt welded. Square-cut abutting 
surfaces, free of lubricant, are required for optimum welding results. Shear- 
ing or sawing the ends Just befcre welding Is adequate preparation, 

Arc welding: Arc welding is based on the heat generated in an electric 
arc. Variations In this process are metallic arc welding, carbon arc welding, 
atomic-hydrogen welding, inert-arc welding (hellarc), and multlarc welding. 

Arc welding to a limited extent has been used for many years In aircraft 
fabrication. Probably the flexibility and general all-around good results 
obtained with gas welding retarded its extensive use; however, In recent 
years, Its use Is increasing rapidly as its economics and advantages become 
more apparent. In arc weldtng, the applied heat is more concentrated, re- 
sulting In a quicker welding with less expansion and warping as compared to 
gas welding. This makes it possible to hold closer tolerances on parts re- 
quiring machining after welding. An allowance of 1/16 Inch Is usual lv 
sufficient for most assemblies. 

By using the hellarc (Inert-arc) welding process, satisfactory welds may 
be made with aluminum, and if argon Is used for a shielding gas, no flux is 
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required. Dispensing with flux is a definite advantage because flux removal 
from aluminum welded joints Is extremely Important to avoid corrosion. Many 
types of welded joints cannot bo made whon using welding methods requiring 
fluxing. Corrosion-resisting steel as thin as 0.010 inch can be welded by this 
process. Steel, copper, and many alloys can bo readily welded by this pro- 
cess. ' v 

Parent material wo Id allowables: Allowable ultimate t«nsl|n stress In al- 
loy steels tor notorial adjacent to \\ w wuld. when structure H wn'lded after 
heat treatment, is shown In Miblu XXVI. 



'I AMI. I XXV J 

ALLOWAUU III T IMAM Tltlslll. ..IHI SM.:, u\.M< IUM0H Wl I D'. 
IN 4 HO, 4140, ']->A0, OR HuM) sTI.I !.S 



r "' ( ' !'■'» Il'i'-kiioss |//| | (K :|, or \ M ^ 



type of Jo I n I 



topured Jo I iris of 30° <>:* less 
a I I olhors 



1^ <*••> 



yo 

80 



f '°i" alloy steel members subjected to bending, llu, allowable modulus of 

thal'Tor^ r de ? 9f+ T hG0+ [rmfmU[ shou,d ™* ****** h lent to 

That for steel having a F - 90,000 psi. b H vaiun T to 






u,oM I + ? 9 1 Weld Metal: Welding Rods). Table XXVII indicates allowable 
weld metal strengths for various steels. These are based on 85 percent of 
respective minimum tensile ultimate test values. 



Material 
liaroon and alloy s+eeU 



TABLE XXVII 
WELD METAL STRENGTHS FOR W ELDED JOINTS (Welding Rods) 

F 



A I loy steels 
Al loy steels 
A I I oy stee I s 



Stee I : 



4I30 
4I40 
4340 



Heat Treatment 
After Weldinq 



none 



none 



stress re I leved 



stress re I leved 



quench & temper 



1 25 ksi 
1 50 ksi 
1 80 ksi 



"su 
ksi 

32 



43 



50 



60 



63 
75 
90 



tu 
ksi 



72 



85 



1 00 



1 05 
1 25 
1 50 
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Welding Considerations: There are many general consideration^ nil 

(2) A wold should novor be mo do all around n tube In thn r„„n „inn n a 

shmouth wold should ho mode. ThlSsli'u. tKn' r ^' ™ , y A 
when attaching on ond fitting to M strut. ' T,y 

(3) Two wolds should not bo placod clouo toqothor In thin mninri-,i 
Crncka Q WMI result because of the |( ,c k of Ital^S^p ^?!^,^ 

W Wolds should not 'o mode on both sldos of a thin shaot. 

<LJ> servlc^° Uld n ° + b9 mad ° a ' 0ng b6nds ' ° r cracks W,M d ^'°P In 

(6) Welded reinforcements should never end abruptly. The quddm, rhllwlfl 
of section will resu.t In faMures by crackfl/ih.! Tn service? ' 

(7> Sl^JIbfewteS!!' ^ ^ r' d ! d ,n P ' aCe Unless +h0 V are made 
or weiddble matei lal end are going to be welded to a similar m fi +*i 

Furthermore welding will destroy the heat-treated cond?t on of tt 

bolt. This has to be considered In the design/analysis The L2 

comments are va lid for al rcraf t nuts . However when requ I red ?ack 

welding ,n three places Is usually all that Is'necessarJ to position 

(8) When possible, welded parts should be normalized or heat treated 

cIu^dTshr:^^? ""*" "" "*"» ^ """« 'nterLl' ^sses 
If welded parts are not normalized they could develoo cracks In ««™i^ 
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Figure 139 
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LIGHT LOADS 
g) (Not very strong In compression due 
to crushing under spacer tube). 






HEAVY LOADS 

i) Stagger termination of welds 
at opposite sides of tube* 



i i 




k) Satisfactory for a fixed end 
attachment 



LIGHT LOADS 
h) (This Is an Improvement on "g !1 
Provide enough material on bushing 
to avoid machining of weld). 



a»-# 



ACCEPTABLE 
j) Welding of standard clevis 



k 



SI 



Fm3 



-y 




I) Satisfactory for a fixed end 
attachment 



Figure 139 -Ccnti nued. 
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m) Minimize eccentricity between tube center lines and loads. 



Note: appllcable js^ar^jekk^ Keep thickness ratio between two 

welded parts (t^ and t g ) less 
than 2 to I to prevent ourning 
through thinner sheet. 




HEAVY LOADS 



n) Fitting plate attachment. 






LIGHT LOADS 



o) Fitting plate attachment. 



Figure 139 -Continued. 
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CORRECT 
P> Fitting plate attachment 




GOOD 



q) Tube Cluster - (Keep eccentricities to minimum) 



GOOD 



r) Tube Cluster - (Keep eccentricities to minimum) 




Figure 139 -Continued. 
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t) Gusseting - Use when the joint is subjected to vibration or 



reversed loads. 




BUTT WELD 




u) Tube Spl Ices 



Figure 139 -Concluded. 
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Brazing: Brazing Is a method of metal Joining, using a filler metal 
having a melting temperaturo less than the parent material being joined. 
Braz ng Is primarily used for joining assemblies for use at normal atmospheric 
or slightly elevated temperatures because the usual brazing alloys are compo- 
sitions which soften readily at relatively moderate temperatures. Brazlnq Is 
distinguished from soldering by the melting point of the filler metal (filler 
metal for soldering has a much lower melting point), and differs from weldinq 
In that no substantial amount of the base metal Is melted. Thus, the temper- 
atures for brazing are intermediate between those for welding and r,olderlnq. 
The strength and corrosion resistance characteristics of a brazed assembly also 
generally fall between those of welded and soldered assemblies. 

Brazing aluminum: Non heat- treatable wrought alloys brazed most successfully 
are the Ixxx and 3xxx series, and the low-magnesium 5xxx series. Alloys con- 
taining a higher magnesium content are more difficult to braze by the usual flux 
methods, because of poor wotting by filler metal and excessive penetration. 
Filler metals are available that melt below the melting temperature of all 
commercial -wrought nonheat-treatable alloys. 

Of the heat-treatable alloys, those most cormionly brazed are the 6xxx 
series. The 2xxx series may be brazed quite satisfactorily; however, the 
7xxx series is low melting and, therefore, not normally brazeable, with the 
exception of 7075 and x7005. 

Material Combinations - Aluminum 

(1) It is desirable from a production standpoint to design assemblies 
in their entirety from 2xxx or 3xxx alloys, or combinations of 
these two materials. 

(2) Combinations of alloys (2xxx to 61xx, 2xxx to 53xx, etc.) are 
difficult to braze and should be avoided. 

(3) Combinations of 61xx or 53xx to 61xx are satisfactory. 

(4) Brazing sheets must be used in combination with 2xxx or 3xxx alloys 
only. ' 

Brazing sheets should be used where a large number of joints are nec- 
essary In flat or formed sections of sheet; or possibly for ducts, tanks, or 
other assemblies where tt would be difficult to secure wire or other forms of 
filler material adjacent to the Joints. This material would also be used 
In an area requiring brazing In a position other than one allowing gravity 
flow of the filler material. Typical examples of brazed Joints are shown In 
Figure 140 . 

Brazing steel: Joining steel parts Into single units may be done by brazlnq 
with copper or silver alloys. 
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Brazing Sheet 
For Aluminum 





Shim of Filler Material - 





0«3 degree 



Cylindrical 




Thin Sheet 0.25 Inch or less 





Undesirable 
Makes a Line Contact 




Brazing Sheet 
Filler Material 



For Tacking 
Spotweld ' 



1 Inch 




Tube 

Bar Stock 





Shim of 
•Filler Material 




Brazing Sheet 
for Aluminum 

Duct and Tank Applications 

Figure 14u 



Good 
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When copper alloys are used, brazing is performed within a furnace 
(copper furnace brazing), having a controlled heat of 2050&F? This Is above 
the ma ting point of copper (l98&o F) . therefore this may bo accomplished by 
Induction, torch, resistance, furnace, or dip methods. ^'"p.isnea py 

The selection of the brazing method depends upon the materials Involved, 
the shape and size of the parts, whether heat treatment after brazlna Is re- 
quired, the number of parts, etc. 

Materials for brazing steel: Most steels may be brazed by either method- 
SSm' corrosion-resistant steel may not be copper-furnace brazed. Only the 
stabilized grades of 8-8 stainless steel (321 and 347) can be silver brazed as 

arils"™ ™h%^° IV ?k 'TT ^ corrosIon distance of the unstabi Mzed 
grades 302 and 303). The physical properties of heat-treated and cold-worked 
materials are reduced by the temperatures required for brazing. 

eM|l H ° a+ l re ^ me ? + ma V,^ Performed on copper-f urnaco-brazed assemblies; how- 

ZS' + due /° + th ? ' OW me t' ng p0,n+ of +he s,lver all °y s ' l + Is not possible to 
heat treat steel assemblies after silver brazing has been performed. 

Fusion welding after brazing Is normally prohibited within three Inches of 
a brazed joint. 

The same general design guide Illustrated for various joints in Flqure 73 
should also be used for steel materials. 

«r o; , - A V^ W nn ble , S+ , r + e u S , SeS:F sy * a "°wable ultimate shear stress for the brazed 
area - 15000 ps (this applies to all conditions of heat treatment for all appli- 
cable materials). OKH 11 

Because of decarburatlon occurring during brazing, the strenqth of the 
parent material >n most cases Is reduced as follows: 



TABLE XXVIII 
EFFECT OF BRAZING ON ALLOWABLE STRENGTH 



1 Material 


Al lowable Strength 


heat-treated material 
including normalized used 
in as-brazed condition 


mechan I ca 1 propert 1 es 
of normalized material 


heat-treated material 
( tncl uding normal ized) 
reheat-treated during or 
after brazing 


mechan 1 ca 1 propert 1 es 
corresponding to heat 
treatment performed 



197 



M l^l , » ■ (» ! _jjj |,| ^, | ^ 






. ^JA^ju^ 1 -* 






Advantages of brazing: 

(1) parts too thin to weld may often be brazed. 

(2) heavy sections may be joined to thin sheets. 

(3) warpago and distortion are reduced. 

(4) brazed Joints are vacuum tight. 
Disadvantages of brazing: 

(1) assemblies made of 2xxx and 3xxx aluminum alloys are fully 
annealed during brazing, and cannot be restored to the original 
hardness; steels must be hoat treated again to obtain or i ulna I 
strengths. 

(2) series 53xx and 61xx aluminum alloys must be heat treated and 
artificially aged after brazing to obtain the condition required. 

(3) brazed assemblies cannot be put Into the furnace for a second 
brazing unless there Is a filler material with a lower meltlnq 
point than used In the previous brazing. 

(4) resistance to corrosion of aluminum alloys generally is not 
impaired by brazing; however, if flux Is not completely re- 
moved, the residue will causn corrosion ( interdendrltic attack on 
The fillets, and intergranular attack on the base metal)- if flux 
is not removed, It causes rapid pitting in the presence of 
moisture. 

(5) when two aluminum alloys are brazed together, exposure to salt 
water or some other electrolyte may result in attack on the more 
anodic part; this condition is aggravated if the anodic part is 
relatively small compared to the other piece. 

(6) furnace brazing causes a certain amount of diffusion of a clad 
surface reducing its corrosion resistance; Brazing Sheet No. 100 
must be used for such applications (filler metal on one side and 
a special alclad alloy on the other side). 

Applications of brazing: 

(1) Controls and mechanisms for: 

(a) accessories. 

(b) electrical system. 

(c) fuel and oil system. 
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(d) heating, ventilating, and de~|clng systems. 

(e) power plant controls, 

(f ) hydraul Ic equipment. 

(2) Supports and attachments for: 

(a) accessories, Instruments, radio, etc. 

(b) antenna masts and housings, 

(c) pi tot masts. 

(d) landing gear doors or entrance doors. 

(3) Ml see I laneous. 

(a) landing gear up-lock systems. 

(b) handles (assist, door, pump, seat adjustment, etc.) 



Bonding: Many times, adhesives are called the modern tool for joining 
assemblies; however, the only modern aspect Is that bonding agents have been 
greatly improved. There is much historical precedent associated with this 
technique back to the era when wood aircraft structure was first glued together. 
The old Mosquito bomber of the early I940 f s used plywood wings bonded with 
wood g I ue . 

Although much research was conducted prior to 1940, the initial success- 
ful adhesives were not developed until the early 1940<s. A group of phenolic 
res In-synthetic rubber hybrids were developed by one United States automobile 
manufactuer which maintained high strength over a wide range of temperatures. 
About this same time an adhesive manufacturing company In England was experi- 
encing success with an adhesive formulation based on a phenolic resin-Dolvvlnvl 
combination. r i y 

The American developed adhesives were single component systems which could 
be easily applied with simple tools (brush, roller, etc.), whereas the British 
system was a more sophisticated two-part system. With this process, it was 
necessary first to apply a liquted phenolic resin to the adherends,fol lowed by 
a layer of powder over the liquid film. The powder, a polyvinyl formal, 
developed the necessary toughness or elasticity In the bonded Joint, while the 
phenolic resin provided the proper adhesion characteristics. 



T 
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Dug to tho apparent simplicity in applying the single-component system, 
further development of these adhesives were more closely followed in the 
United States and abroad* 

Coincidental with the development of these newer adhesives, the airplane 
was playing a mojor role In the fighting of World War II, The aircraft 
industry was, thorefore, desperately In search of unique manufacturing 
techniques to save weight or provide smoother airfoil surfaces. This urgency 
led to the Immediate acceptance of adhesive bonding for use In aircraft 
structure. In the United States, fho government approved the single component 
adhesive system as an aircraft structural bonding agent while England began 
utilizing the double component system for Joining metal to wood In the Do 
Havl land Hornet, 



Within a few yea 
more predominant for 
and Matador miss I lo. 
used extensively In t 
adhesive systems have 
of aluminum to itself 
practice. Because of 
technical effort to d 
strtcted to aluminum 
2024-T3, T6, T86, and 



rs, vinyl-phenol Ic bonded-sandwich slructuros became 
use In wing panels and fuselage sections of the 3-57 

Dy 1ho mid 19^0's, structural adhesive bonding was 
lie manufacturing of tho B-Dfl. Since then, new epoxy 

been used more consistently and more daringly. Bonding 
, and to other metals and non-metals, has become common 

the great potential In weight reduction, the major 
evelop reliable adhesive bonding data has been re- 
alloys used In aircraft such as bare and alclad 2020-T6, 

7075-T6. 



A dramatic example In present-day application of adhesive bonding Is the 
supersonic F-lll f ighfer-bomber. Most of the entire exterior skin is an 
adhesive-bonded honeycomb-sandwich structure. Another prime example of 
complex bonded structures being made today is associated with helicopter 
rotor blades. The Bell Helicopter (model UH-ID) uses an adhesive to bond an 
aluminum honeycomb core and doublers to the main spar, a brass nose bar, and 
a stainless-steel leading edge. This 22-foot long all-bonded assembly Is 
cured at 120 psl and 3^0 degrees F, 

It is apparent that adhesive bonding has a definite place in the aircraft 
industry. The crippling strength of compression panels Is significantly 
improved due to the integral stiffening effect of the bonded laminates 
(ref. Ffg. 141). 

The fatigue strength of compression panels ts increased thru the use of 
good bonded design. Figure 142 compares three configurations and reveals that 
the one with insufficient skin width to stringer bond ts inferior to the 
riveted configuration beyond \0 k load cycles thus demonstrating the Importance 
of proper bonded design. 

Fatigue strength comparisons of Redux bonded single and double lap Jglnts 
with a riveted joint are made in Figure 143. Here again, the superiority of well 
designed bonded Joints is evident. Results of box beam fatigue tests Involving 
riveted, bonded, and integrally stiffened construction are presented In Fig- 
ure 144. The advantage gained by using scarf joints in lieu of lap joints is 
shown In Figure 143 where the S-N curves for both configurations are plotted. 
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COMPARISON OF CRIPPLING STRENGTH OK BONDED AND RIVETED 
BUILT-UP COMPRESSION ELEMENTS 



A: Z-Stiff«ner and Skin (Total Area = Q,?6 in, ) 
Material i ?G?*+ hi Alloy 



t, 5 t,, » ,00 If), 



Akt Hivfited 

Section 




A?! Sam« 
j. Section 

ji bonded 



t » ,06 




Wl" l l f *? + ' UUH 



Cuir, 



Tont 



t in 

1 TOftt: 



Jl bwm .I. 



Q« C3* 



©«*ae 



0-r 1 



M 4 - 



JJJ 



I 



CdlC. 
I Toil! 



0nC=3^ 



©» 



$C3t 



©»r 



t; , 



(Vile. 



V a . (f ) 

£ CC 

cc ^ "" 
A 



V) 



Relative strength 

Calculation of Crippling Strength 

a «« Area of individual elements 
Whore: A a Total area of auction 

f cc " Cri PP lAn 8 stress of elements 
according to above curves, 



Bi Element Strength Data 
o *» a 1? 10 20 3U R/t 




Data Extracted from Article 
Written by L» Jungs tromj 
Design Aspects of Bonded 
Structures ; Bonded Aircraft 
Structures Published by 
C.I.B.A. (A.R.L.) Limited; 1957 



Figure 141 
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EFFECT OF WIDTH OF SKIN TO STRINGER BOND ON 
FATIGUE STRENGTH OF COMPRESSION PANELS 



'-^ 












-■■tt)j 






Load Cycle: Pulsatinq Compression With P « I 100 lb 

mln 



mox 
(It)) 




MKin 
UuekUng 

Tont ) 



Toot 
Specimen 



Number of Load Cycles (N) 
> 10.63 



to b to 7 



3.b4 



Hivet or Bond 



—31 l * .78 and ibg y— jJ j[ e ^ 



r... 



a .059 



*t « .059 






(Bonded) 

© 



(Bonded) 




© 



(Riveted) 

© 




Data Extracted from Article Written by O.L. Jungstrom; 
Deuitsn Aspects of Bonded Structures ; bonded Aircraft 
Structures Published by C.I.B.A. (A.R.L.) Limited 1957 

Fig re 142 
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COMPARISON OF FATIGUE STRENGTH OF BONDED 
SINGLE- AND DOUBLE-LAP JOINTS WITH A RIVETED JOINT 



I 




10* 
Cycles (N) 

Data taken from: FFA Report HU-226 and FFA Mudd. No 30 

Figure 143 
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COMPARISON OF RIVETED, BONDED, AND 
INTEGRALLY- STIFFENED ALUMINUM ALLOY BOX BEAMS 



S max s ,9 - 5 KSI 

R * 0.333 
K A m 3.00 



Test Temp * Room 



Sttf feners: 



(Each Bar Represents An Individual Test Run) 




20 Inches 
Test Specimen 




150 '«> 50 50 100 140 
Cycles Up to Initiation of ^_ | .» Cycles To Fd||urc After 

Crack (NxlO" 3 ) Initiation of Crack hi.IO" 3 * 

Data Extracted from NACA-TN-3856, August .956; Fatigue Crack Propagation In Aluminum-AI ln y ft* Beams 

Figure 144 
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COMPARISON OF FATIGUE STRENGTH OF A SIMPLE LAP JOINT AND A SCARF JOINT 




Material ~ 2024-T3 Aluminum 
Adhesive « FM-U7 

Stress Ratio R s 0,10 

T 



Data taken from: 
Article by D.Y. Wang; 

Influence of Stress 

Distribution on 
Fatigue Strength 
of Adhesive 
Bonded Joints ; 

Experimental 
Mechanics, 
June 1964 
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Figure 145 



n < +a H !? h ? r s+rength-to-we.ght ratios are possible with sandwich Materials. 

douM.'L' 5 i° n iy W - Y .!° j ° In +h,n -9 a 9 e shee +s; the adhesive bond can 
double as a seal; dlss.m. lar metals can be fastened without corrosion effects 

Hpn™wi ar , P6S °^ C T' eX SeC+l ° nS Can be fas+ened comparatively easily. 
Helicopters, for example, because of vibration, require the damoina DrovUtoL 
provided by the nltrlle rubber-epoxy adhesive system. Table XXIX "lis?* tte 
^uctures 96S " We " " ^ " mi+a+ions erring through the use ^bonded 
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General design and production philosophy for bonded structures: 

(1) Know the materials (test data). 

(2) Structures should be properly designed for the use of adhesive*. 

(3) Use appropriate prebond treatments, tightly written instructions, 
and permit no deviations. 

(4> l*V Sf ! h ! + + u 8 recofnmended process or specifications be rigidly 
adheared to when: a iu 'y 



(a) Applying and curing the adhesive. 
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(b) Handling, fitting, and Jigging of the parts. 

(5) Train personnel to understand the importance of good workmanship and 
Its Influence on Joint strength and life. 

(6) Set up a quality-control system to maintain a high standard of 
reliability. Destructive test specimens should be frequently 
processed concurrently with production bonds. 

Initial strength of a Joint does not constitute a good rollahle bond 
which will satisfy Its Intended service life. The adherend surface prep- 
aration Is an Important prerequisite in the permanence of Joints subjected 
to simultaneous stress and adverse environment. Joints made with poorly pre- 
pared adherends may exhibit the same Initial breaking strength as those made 
with adherends having undergone an elaborate chemical cleaning process. The 
bonds made with the minimum surface treatment, however, will prove Inferior 
with respect to permanence. Elaborate metal -cleaning procedures might be 
alleviated by using a pre-prlmlng operation incorporated in the material 
production line at the mill. This method Is already used by a honeycomb panel 
manufacturer In the United States. A primer Is applied to both surfaces of 
sanwlch facing material, accomplishing the following: 

(1) provides proper substrate for primary honeycomb bonding 

(2) maintains clean surface for a later secondary bond if necessary 

(3) primer acts as an additional corrosion-resistant barrier to all 
exposed surfaces of the adherend whether or not a secondary bond 
is made 

This process could easily be incorporated as an additional step at the 
mill; however, the basic material cost could Increase as much as 20 percent. 

Repairs for bonded construction: Repairs to damaged panels and surfaces 
might be necessary either during production or after they are in service for 
some time. Consequently, effective repair methods must be developed to main- 
tain the original contour, insure structural integrity, and prevent damage 
propagation, 

Repalrabillty requires: (I) the damaged part, dependent upon the extent 
of the damages, must be removable, If necessary, by some means that will leave 
the remaining parts undamaged; (2) the damaged part must be capable of 
being repa red, using mechanical fasteners, adhesive bonding, or a combination 
of both, without loss of properties to the remaining bonds. 

Quite often repairs are made with materials differing from the material 
of the damaged structure. Therefore, a repair adhesive must be capable of 
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Y + ndlR ? a Var,e+y ° f ""trials, preferably under the same 
conditions of temperature and pressure. Another requirement for any repair 
adhes ve must be that It displays an apparent forgiveness for less efficient 
cleaning methods In the field as compared to those used In the Initial man" 
ufacture of the part. Regardless of whether the damaged assembly was maria 
with a combined riveting and bonding technique, or In La 

fanners" W^ * "" de 5* US,nfl f °' ,OW ^ P--urU pemec ^ "cat 
fasteners. Another means of pressure application would be fabrlcated-ln- 
place vacuum-bag blankets with portable vacuum pumps. TaDricaTe <> 'n 

The following summarizes the main requirements of a repair adhesive; 

(l) ^ c H? S ;/f M a y? S ' and spGC,a| e n u 'P^t will not be available 
llTtl ir^m'le^rat^.^^ «"*"" ^ ^factor, ,y 

{?) ^V^ltT^i "^ aPP ' iCa+, ° n W,+Mn +h * f ™^™ 

(3) exDos U u S re 9i for 9 ^tr?"? S+ r 9+ 'i , ,ni + ia "y ^ after environmental 
nn«c?M ' * ma+e rlals cleaned by methods not yielding the best 
possible surfaces for bonding. 

U) Its integrity! repea+ed CUre on +he °r\ 9 \na\ bond must not affect 

(5) It must withstand exposure to cleaning fluids used in service 
operations. YILH 



(6) 



It should have a good shelf life (at least 3 months), remain 
acceptable through a wide range of storage conditions, have 
at least 2 hours, and preferably 10 hours, of open assemblv 
time. ' 



•=*. 
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TABLE XXIX 
ADVANTAGES AND LIMITATIONS OF BONDING 



DESIGN KACTOR 



Aerodynamic Smoothness 
Cost 



Corrosion of Dlssiml lar 
Material Jolntr, 



Stress Concentration 
Fat I quo Resistance 
Static Strength 

Ooslgn Factor Wolght and Size 



ADHESIVE BONDING ADVANTAGES 




Production 
Inspection 

Sea 1 1 ng 

Electrical Insulation 
HI see I laneous 

Experience 



Smooth exterior contours greatly Improved. 

Sayings achieved through bonding of large assemblies which 
have been properly designed for bonding or by weight saving* 



Versatl I Ity of joining dlsnlml lar materials Is greatly 
Improved, Corrosion In faying surfaces Is reduced. Metal 
may be readily jo I nod to non-metal I tcs. 



More uniform distribution of stress through a bonded Joint 
along entire length, Greatly reduces stress concentration. 

Groat Improvement-" 10 to I over rivets. Roducon crack 
propagation, 

Adhonlvon nxhlblt high strong ths whon strossod In shear, 
The more efficient adhoslvos either approach or surpass 
the shoot metal otrongth at an L/t ratio botweon 20 and 30. 
I '"* Lap longth; t « ndhorond thickness, 

Reduction of weight and size may bo obtained, Greater 
capability for Joining thin or brltllo materials, 
In proporly designed bgndod structures, the following 
weight savings could be achieved over riveted 
structures; 



(I) 
<2) 
(3) 

(4) 



Compression members: up to 25 percent 

Tension members: 10 to 15 percent 

Tension members designed by fatigue criteria: up to 

20 percent 

Some miscellaneous weight may be saved by eliminating 

the necessary I oca I re I nf orcements usua 1 1 y regu I red 

with conventional fasteners. 

NOTE : A typical overall weight savings for civil aircraft 
Is 3 to 6 percent of the total structure weight 



Many details may be eliminated which simplifies the overall 
design. Large aroas may be bonded In a single operation. 



Non-destructive test techniques are available to Insure good 
rel tabl I it/. 



Internal fuel cells and pressurized cabins are automatically 
sealed when bonded. 



Exce 1 1 ent . 



Ccioared to welding, thermal damage to parent metals Is 
greatly reduced. Field repair Is easily performed. 



Adheslves have been successfully used on military and 
commercial aircraft for over 10 years. 
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LIMITATIONS 



Special tools and facilities 
are regu I red for contoured 

parts. 

Differential coefficient of 
expansion must be confildnmd 
duo to the build-up of resid- 
ual stresses, 

Residual stresses may be 
Induced during heat euro, 



Production adheslves oro 
generally limited to 3 ( >0°r, 



A close tolerance between 
mating parts Is essential. 
Special skills and personnel 
training are usual I y required. 

Extensive quality control 
must be exercised, since the 
strength level of bonded 
joints may not be ful ly 
determined through non- 
destructive testing. 

Bacteria growth In fuel may 
attack the adhesive. Compon- 
ents may require additional 
protective coating In these 
areas. 

Jumpers are mandatory for 
electrical continuity, 

Proper surface preparation Is 
mandatory for good quality 
bonds. Work areas for bonding 
must maintain a high standard 
of clean I Iness. 
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PHASE II - APPLICATION OF MATERIALS AND CONCEPTS 

same material selections and app?|cat!on!'wn, !w + ^ P ' Cal ' " gh+ a 'rplane. These 
planes of similar structural load na ^nn.T, be a PP |,c able fop other air- 
Jut the „ flht airplane Zl ner " oT're tr TcteTf "T^" 9 ^"tltle,, 
following discussions will make apparent th ' 1 m "^ "T se|ec +'°ns. The 
eratlons as performance and conf I au ration ^ ,1? ^? ,at,onshf P of s "ch consld- 
tlon rate, and manufacturing method P ' f ,ca+lons ' weight, cost, produce 

Airplane Configuration 

*'*ti£ril?^£J'?\% l %>W U.v...=n of NASA, 3StaMlshed the 

used on the Applicatio„ 9 p ha ^ (J V f^ l s S y eral T ^'= °n type airplane to he 
four-place configuration and Is rLZl^ll ?*' , ulr Plane Is a s rale-engine 
guidelines are I ?-*»«■ ". S Fa^o ^Ta^S* Jf the " Far T °™ AlrplaneHne 
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TABLE XXX 
FAR TERM AIRPLANE GUIDELINES 



Accommodations 



Passengers and crew 

Baggage 

Cabin volume 



Propulsion 



Performance 



Maximum power 
Maximum weight 



4 

200 lbs. 

112 ft 3 . 



250 hp 
380 lbs 



Endurance 
V t 
maximum 

V 
cruise 

V sta I I 

Takeoff distance/50 ft. 
Minimum rate of cl imb 
Service cei I ing 




4 hrs. + 30 minutes 
152 knots % S.L. 
130 knots § 5000 ft 
48 knots g S.L. 
1000 ft. 

1000 ft. per minute 
14,000 ft. 



«- a^& ;a^'^ the airplane „ hIch satIsfIes 

me mxi lists the dimensions and general data. 

de ^l o% r d t Nor™ne ^? ud ™ e te S se" 9 :e e re e t t he n, :^ ^ If °> fi ^>°" ^chnlque 
weight, and hence wlngVea and InslaM^d polar " 9 ' P °" 6r ' 0adl " S and 9 r °" 

aspect h ra?!o 9 o r a s S e:en t : P t y r p?ca,' a oJr s :' th "" "I* * f +he ^^en-chord. The 
has evolved as the o ptlEl" ra e ™ » ZZ^ZZl?* i' 9 *! °' r ><°"° »'"^ 
and parlance. The S3 ser,es a, rfo „ ^™ fj a pre Se^n^ 
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TABLE XXXI 



FAR TERM AIRPLANE GLNERAL DATA 



r 



Gross weight 

Power 

Wing 

Area 

Span 

Aspect ratio 

Taper ratio 

Root chord 

Tip chord 

Mean aerodyn. chord 

Sweep $ c/A 

Plhedral 

Alrfoi I 



(W) 
(P) 

(S) 
(b) 
(AR) 
U) 

(%) 

(c t ) 

(MAC) 

(A) 

CD 



2850 
250 

180 

35.5 

7.0 

.6 

0.338 

3.803 

5.173 

0° 

5° 



ibs. 
UHP 

ft? 

ft. 



ft. 
ft. 
ft. 



tal 



NACA 



63 2 -A2l 



Center of gravity travel IO$-30$ MAC 



Vertical 
Area 
Height 

Aspect ratio 
Taper ratio 
Root chord 
Tip chord 

Mean aerodyn. chord 

Sweop 

Airtol I 

Horizontal tal I 
Area 
Span 

Aspect ratio 
Taper ratio 
Chord (constant 
Sweep 
Airfoil 



(S) 

(b) 

(AR) 

(A) 

(c r ) 

(c t ) 

(MAC 

(A) 



(S) 

(b) 

(AR) 

(X) 

(c) 

(A) 



18.25 

5.06 

1.4 



ft.' 
ft. 



.5 




57.5 


In. 


29.0 


In. 


M . 1 


In. 


35° 




NACA 0009 


40 


ft. 


12.05 


ft. 


4.0 




1.0 




3.16 


ft. 


0° 




NACA 0012 



laminar flow If care is taken in manufacturing a smooth upper surface bark +o 
the mam spar. Increasing the leading edge radius by aboSt 20? preSntJl eld- 

S lo+S%f aM -?K ! 9 V' f+ coefflc,e ^ A 70? of ; P an, 25$ o/chord*! ouble 
slotted flap with fixed vane will provide a maximum lift coefficient of 2 3 
■Z I5 e l 'T Maximum extension angle ° f +he f la P s ls 40 °- Tne alerons are • 
25* of chord and 30* of span. They are siml I ar to a plain sealed flap and are 
continuously piano-hinged on the upper skin. Ai I eron movement Is 25° up and 
III +° Wn ; A , +a P ered Wln 9 (X = - 6) was selected because of Its low weight 
structural efficiency and slightly lower induced drag. Tapering also allows 
greater thickness near the root for gear retraction. dpering a,so allows 

The wing has a single spar located at 40% of the chord, which is approximate! v 
the thickest portion of the airfoil section. The low wing was selected for Y 
arra S nge W me r nt. SSS ' S+rUC+Ural «"»• Orations and ideal main gear retraction 

, 9fl .. The /' Uel is located entirely In Integral wing leading edge tanks 

if q 9 a 9 ?ar s Zt^l' ^ tank * "'i' be a+ the ^board'section oTthe 
JUL ?.. ? mi! P° ssi ? le from +he occupants, to reduce post-crash fire hazards 

So * ntfl „ b ?, Carr, ! d a ! + ° f +he Spar ' to ^llltate'aileron and ftap con- 
trols nsta Nation. A volume computation shows that the fuel tanks will extend 
approximately 100 Inches Inboard from -the wing tips. 



*25* of chord for entire flap set, 20$ of chord for main flap. 
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Tho horizontal and vertical fail aroas were designed to give acceptable 
tall volumes for this type of airplane, The horizontal tall Is an all moving 
stabllator used for simplicity and ontrol effectiveness. It has an adjustable 
ant I -servo tab to provide control fool and trim. 

The cabin volume Is 112 cu. ff. (excluding baggage space). Minimum width 
,J: ' u ThB contract 9« 1 1° Mnes were 112 cu. ft., and 3.50 ft. minimum 
V A„ Th ° 5 a " ag ? SppCe nxceecJs 1(1 ,:i '. fl- and Is arrunaod to accommodate 
four 9' x 21" x 51" su I leases, tho cabin will have an access door on each 
side. Tho baggage compartmonl will have an access door on fhu rlqht hand side 
only. Part of this door will form the wing root f|||o1. 

Th<d retractable landing guar was decided upon because a trade off sludy 
during I ho porformanco of Ibis con Tract Indicalod It would rnr.ull In a lowei 
direct operating cost providing 1 ho ullllzation excoods Uo hours pot yoar. It 
allows more efficient porformanco with less powoi at all speeds. The main gear 
retracts Inboard and after I he main spar. 

Wolnhf and Balance Study.- Preliminary weight and balance oh I i mat Ions wore 
basod on Figure He. I he noulrul point (stick fixed) was determined in 
appendix Q to bo !>b% mean aerodynamic chord (for a 90$ tail efficiency factor). 
Using a % stability margin, the most aff U.G. Is then located at 30$ mean 
aerodynamic chord. 

To limit the tail size and trim drag to reasonable values, the C.G. travel 
was limited to 20$ M.A.C. which is representative of current light aircraft 
design. Weight and balance computations are In Appendix R. 

Most contemporary four-place light airplanes have useful weights which are 
met by trading off passengers, fuel, and baggage. Very few can carry maximum 
passenger, fuel, and baggage load simultaneously. However, the Far Term air- 
plane is designed to carry four 170 pound passengers, maximum fuel capacity, 
and 200 pounds of baggage simultaneously. 

Application of Selected Materials and Structural Concepts 

The material/concepts selected for the various airplane components are 
based primarily on the results of phase I of the Study, and are summarized in 
Tables XXI and XXII. Several additional factors Influenced the final structural 
arrangements. On the wing components, for example, single spar construction 
over stringer-spar construction was chosen for two reasons: (1) The airfoil 
components loading Intensities were of such low magnitudes that little If any 
advantage could be gained with the stringer-spar concept: (2) Concern over the 
possibility that the stringer configuration would tend to create ridges In the 
smooth airfoil sections and thus degrade the aerodynamic characteristics. 

In selecting materials for the components, primary concern was given to 
the wing. The importance of structural integrity was paramount, therefore, 
continuous filament type composites were used for the main spar and wing skins. 
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The continuous fiber, croBs lamination configurations give optimum fracture 
thoughness and fatigue strength because their Inherent discontinuities tend to 
!vri ,? ra f P r °P3?atlon between the flllamonts. A review of Table XXI and 
dates ?or C ?hTs 9 s?ructnre^° Xy ^ s -9 |aas/o P ox V + ° be +he »™t promising candi- 

The empennage, while treated as primary structure, was nevertheless 
considered to have slightly lower roqui romonts from the standpoint of fatlquo 
and fracture toughness, For those reasons non-cent I nuous glass, with thermos- 
setting rosins wore used for structure, Three non-continuous f Moment com- 
posites wore considered In Phase I; (|) : ■*/»" C-g I ass/nylon h/ 10- m- 1/2" 
E-glass/po|yester and <4>, 1" S-glass/epoxy . The 1" S-glass/opoxy |Ythn moot 
off dent strongthwlse, und will bo used In tho design of the horl ?un |,j| fall 
It Is a compression mo I dab lo inaler |,,|. Tho 1/2" If-glass/polyoster mafnrlal 
a though not always morn etf | cent than the i/t\« L-g'l ou«/ny Ion n/10 exhibited 
h flhor stiffness ulu.rneturlstlcs and res I stance to environmental conditions. 
J lfin i j otl compression rnoldablu malorial and will bo used for the design of 

The fuse I ago utilized both typos of composites. The longerons and other 
moment react ng members were made with the continuous fllarnont S-glass/epoxy 
material wh lu the low load Intensity fuselage shear panels Incorporated non- 
continuous 1" S-glass/epoxy moldable material. 

Material/concepts Involving aluminum alloys were not incorporated In the 
fabrication of the main components. A review of the Phase I Indicated the most 
promisng composites exhibited superior structural efficiencies. In addition, 
the moldable reinforced plastics showed greater potential over the aluminum 
from the standpoint of mass production processes which would offer qreat°r 
fabrication cost savings. 

Component Design, - This sub-section will discuss the design of the vertical 
tall, horizontal tail, wing, and the fuselage. 

Vertical tall: Based on the three-view in Figure 146, the vertical tall 
has a total area (exposed) of 15.84 sq. ft. The fin area Is 9.18 sq. ft., and 
the rudder area Is 6.66 sq. ft. The design concept selected was based on a 
compress on mo ded reinforced thermosetting plastic (I.e., 1/2" E-g I ass/polyes- 
ter available In the industry in .025 thick prepreg sheets). See Figure 147 
and 148. An alternate material, Injection molded glass/nylon, will be dis- 
cussed In a later section on cost an manufacturing considerations. 

The four-piece stabilizer (Figure 147) consists of a R.H. skin, a L.H. 
skin, a spar, and a root closing rib. Early studies of the tail were based on 
the assumption that a grid pattern of internal stlffeners would be required to 
keep the panel sizes small in order to Increase shear buckling allowables, but 
structural analysis Indicated tha+ "chordwlse only" Interna, stlffeners would 
be adequate. As shown In Flgues 147 and 148, the skin and stlffeners are Inte- 
gral, and the hinge fittings are integral with the spars. 
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Part release is a basic consideration on the design of molded parts. 
Fortunately, a relatively small draft angle is required for plastics (1°). and 
possibly some short sections could be released from the mold without draft. 

,on i 8 + ?v +he re|a+ive| y lo*» bearing allowables for reinforced plastics 
(20,000 psi most of the bolted connections will be critical In bearing. Large 
diameter bolts will be required. Some weight could be saved if hollow bolts 
were used. Most bolt holes will be cored, so no drilling will be required 
u T! r J m ? ldin9 ' A min,mum of two-diameter edge distance is used for all bolts. 
Molded-in-place Inerts will be used at all hinge lugs. Vertical loads will be 
reacted at the bottom hinge only, which also reacts the rudder control horn 
loads. 



** 

M 






The six-piece rudder is of similar construction (Figure 148) to the stabi- 
lizer or fin. The skins are reinforced with internal chordwise stiffeners, as 
on the fin. An attempt was made to reduce the number of parts by integrating 
the spar with the root rib, but part extraction, as on the fin, becomes a prob- 
lem unless a complex mold Is used. The lead mass balance will be bonded to the 
skins and upper arm. Due to the tapered shape, the mass balance Is also mechan- 
ical iy locked in place. 

The vertical fin and the rudder are entirely bonded. Adequate bonding 
surfaces are provided for on their respective peripheries. The leading edge of 
the fin has a tongue-and-groove design which insures alignment, and does not 
expose thin overlaps which might peel off. Also, the build up of material at 
the leading edge provides additional protection for erosion or hail damaqe. If 
necessary, a pressure-sensitive tape could be laid up over the leading edge. 

•^ ^par flanges, rib flanges, and skin stiffeners heights were designed con- 
sidering the flow capability of the material into deep crevices. Industry 
sources have indicated that both glass/polyester prepreg and Nylon 6-10 wi 1 1 
adequately fill these fhin, deep grooves in the mold. An attempt was made to 
design the root rib and the spar in one piece, but it was found that this 
method resulted In locking of the part in the mold. Otherwise, the mold would 
have to be more complicated to permit ejection. 

Horizontal tail: T he horizontal tail Is a single-slab flying tail 
(stabilizer), hinged at the 2556 point of its constant chord. 

Referring to Figure 149, the structural concept for the stabilizer is 
based on an all-bonded construction of glass-reinforced plastic components. 
These components are compression molded from a prepreg 1 in. S-glass/epoxy 
composite. The stabilizer Is made up of the fol lowing molded plastic com- 
ponnents: 



( 



nearly oposite skins 



( 1 ) Two each of two 

(2) One main spar 

(3) One trailing edge spar 

(4) Two identical leading edge ribs 
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(5) 
(6) 
(7) 
(8) 
(9) 



One torque box 

Two idenlical an I i -servo tub skins 

Two identical anti -servo tab closing channels 

One ant i -servo tab control bracket 

Two Identical ant I -servo 1ab mass balance fairings 






The remaining components are two identical mass-balance weights for the anti- 
servo fab, and the main stabiliser mass balance. 

The skins are dosignuo such thai 1he uppor righl and |uf1 skins are 
Interchangeable with the lower luf 1 and righl skins, roiipocl I voly. tach skin 
has integrally molded chordwlse skin sti lienors and a tongue or groove In its 
leading and outboard edges, this wodyo shaped tongue-and-yroove' design was 
-ecommended by a mo I dor in preference lo the full radii type specified on the 
vertical stabilizer. I he wodgo-shuped tonguo-und-yroove insures alignment and 
does not leave thin ovurlaps which might pool off. Also i he extra material at 
the leading edge provides additional resistance to erosion and hall damage. If 
necessary, a pressure sensitive tape could be applied to the leading edge. 

+k u 4.J h f ma ' n 5pa! "' molded aM in one P^ce, has an I-beam cross section, 
the web thickness and height of which are constant. The cap width and thickness 
are tapered outboard. The upper and lower caps of the I-beam meet one another 
via an elliptical contour at each end of the spar. The center section of the 
spar caps have thin extensions which act as closures to the torque box. Also 
Integrally molded on the spar are two sets of clevis hinge fittings and a boss 
with a cored hole for the main mass balance arm. Due tc the low bearing allow- 
ab es for reinforced plastics (20,000 psi), the clevis hinge fittings have 
molded-! n Inserts, sized for large diameter- (possibly hollow) bolts (i.e., 3/8). 
A standard minimum edge distance of two diameters Is specified for clevis hlnqe 
fitting holes. Each clevis hinge fitting Is designed to mate with a set of 
three lugs on the fuselage. 

u. J • J he +or< 1 ue box consists of a pair of identical ribs, integrally con- 
nected with a channel. This so-called torque box becomes a true torque box when 
it is mated and bonded to the spar, between the spar cap extensions. These ex- 
tensions are bonded to the ribs and to the interconnecting channel on the so- 
called torque box. Considerable effort was expended to eliminate load path dis- 
continuities and to maintain efficient bonding joints. The Interconnecting 
channel on the so-called torque box has a boss with a cored hole, which aligns 
with a similar hole in the spar web. These respective holes support the main 
stabllator mass balance arm. Manufacturing considerations and cost analyses of 
this part will hkely dictate breaking this part into two separate (but Identi- 
cal) ribs and a shallow box with a hole in It. As it is now, It will require 
two massive cores normal to the direction of mold pressure application. 

. . The trailing edge spar is molded full span in one piece, with eight 
sets of five- lug piano hinges molded integrally into Its otherwise constant 
I-beam cross section. This -I-beam cross section Is closed on both ends to pro- 
vide a continuous bonding interface with the skins. The aft ends of the torque 
box ribs nest into the front side of the trailing edge spar. 
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Mating with the eight sots of piano hinges on the aft spar Is an anti- 
servo tab. The Inboard end of rhe right hand and left hand portions of each 
tab Is mated to one of the two male extensions on a single anti-servo tab 
control bracket. The lever arm on this control bracket has a No, 10(3/16 LD.) 
insert integrally molded In. The right hand and left hand portions of the anti- 
servo tab each consist of a skin, a closing channel and a mass balance fairing, 
which are respectively interchangeable, one side for another. Each identical 
one-piece skin has a constanl deep "V" cross section. Each Identical closing 
channel has a constant cross section except for four sets of five-lug piano 
hinges, which mate with those on the trailing edge spar. An attempt was made 
io make the ant I -servo tab a one-piece extrusion of glass/nylon (rather than 
a channel + skin). This was subsequently discarded due to the Inadequate 
torsional stiffness of this material. An Identical and Interchangeable mass 
balance fairing closes off both outboard ends of tho anti-servo tab. Identical 
lead weights are bonded Into a cavity In each mass balance fairing. 

A single leading edge rib Is nested and bonded to the forward side of 
the main spar, Immediately outboard of each clevis fitting on the spar. These 
two ribs are identical . 

Table XXXII tabulates weights and unit weights for the primary 
empennage components. 






TABLE XXXII 
FAR TERM LIGHT AIRPLANE EMPENNAGE WEIGHTS 



Injection molding 

Nylon 6/10 
(.051 Ib./cu. in.) 

Compression molding 
Chopped E-glass/ 
polyester 
(.070 Ib./cu. in.) 

Compression molding 
1" S-glass/epoxy 
(.062 Ib./cu. in.) 



Area (ft 2 ) 



lb 



Weight (lb) 

Unit weight (i£_.) 
ft* 1 



Weight 
Unit weight 



Weight 
Unit weight 



Contemporary sheet Unit weight 
metal I ight airplane 



VERT. FIN 
9.18 



14.44 
1.58 



13.13 
1.43 



11.63 
1.27 



1.47 



RUDDER 
6.66 



9.35 
1.4 



8.5 
1.28 



7.5 
1.13 



1.10 



STAB. 
40.00 



NA 



NA 



36.06 
0.90 



1.07 
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Wing: The wing has outboard leading odge wet fuel tanks and the main 

ee d iTJTs 7 50 "l af T h r w ! h ° t^* ?^ ret " Ct8 '^d^ Xh^ ?. 
bee ngurcsUUand 151. The wing has a single spar located at 1he 40* chord 

It has an open-side-aft channel cross-section. The channel's h"lnht r*n +m^ 

ness, and web thickness taper outboard, and the cap w d eL "consta t 

cpo e xv P pre rea^Thr n n ™T '""< Mflh m ° dU ' US ^ aphl+e f "^ nt r£?n?£ed 
multi-l a v«r 9 ;„.If H? P " r + Web IS + T ade UP ° f prepre ^ epoxy/graphlto tapes in a 
sail tl^In ul |'- d,re( ; + lon Pattorn. The spar caps are also made up of the 
same (or similar) epoxy/graphi to tapes, with T?.% of the graphite runninn soan- 
w se and the remainder at ±45<>. TnerG wi , , be g comparaMa^il r^aux- 
i Mary spar between the main landing gear support rib and the rool rib for 
reacting a part of the main landing gear loads. The main landin,, „oar support 
fitt ngs will bo glass-reinforced plastic with metal bushings for bearing loads. 
One is mounted between the main spar and the above-mentioned auxiliary spar on 
each wing half. See Figure 152. V 

Each wing half Is attached to the fuselage with two bolts through the 
spar web and Into a fuselage frame, and one bolt each at the front and rear of 
the wing root closing rib. The main spar on each wing half, extends to the fuse- 
lage center line, at which point they are joined by 18 to 2(Mn. splice plates 
nested to the outside and inside surfaces of each spar cap, and by a 4-1 wide 
splice plate on each side of the web. Y 



alonn +ho ? 1 closing members on each wing half are: a zee 
along +he aileron interface and a channel along the flap interface 
innVf , E f ch wing half has five sets of ribs (leading edge + aft) 
i*n ^?i le ! dln9 6dge ribS * The y are loca+ed ^: (1) the root 

sicken c c) 3) ^ ^ ^ ^'^ ^ ' n+erfaCe < s " ^rei 
section C-C ; (3) the inboard end of the fuel tank at WS 105.6 (wet 

4) midway ,n the fuel tank, or between the aileron and flao and ( 

mL! 9 rH- 150a , nd 15l : k Sec+ion A " A >> w^ch is a weV bu,kh.ea P d "he 
it.onal eadmg edge r,bs quarter the fuel tank. The first four ri 
prov.de mtegral hinge supports for the flap (see Figure 151, sect! o 



-section 
(See Figure 
, plus two 
see Figures 
150 and 152 
bu I khead ) ; 
5) the tip 
two add- 
bs also 
n D-D). 



PH-.A «kin Ir ii consists of three details for each wing half (i.e., a leading 
edge skin from the top spar cap to the bottom spar cap, an upper aft skin, and a 
lower aft skin, each of which extend from root to tip) All of these skins are 
Ztl I^r'T S i°\ molded -"ultl-dlrectlonal graphite/epoxy ri reg ta es and 
have no mtegral stlffeners. The Initial wing design specified separate "T«- 
section chordw.se skin stlffeners, which wi 1 1 be bonded to the Inner skin sur- 

TQC6S • 

. *.*x Th , e f. ,leron on each win 9 h alf consists of an upper and lower Inteqral- 
ly s+ I fened skin. The skin stlffeners are spaced five inches apart fo | 

SlJJhS *t m"* I he f ° rWard C '° S,ng Web is ln+e 9 ral w '+h the upper skin, as 
are the piano-hinge ugs. See Figure 151, section K-K. There is a closing rib 

llt^+L t h ^ a l leron ; The ailQ ron would be mass balanced at the outboard 
end with the weight traveling up and down within the wing tip fairing. 
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The flap on each wing half Is divided Into three segments connected 
and closed off with four hinge arm-ribs (see Figure liil, section D-D). Each flap 
segment consists of an upper and a lower, Integrally stiffened, skin with a 
tonguo~and~groovo leading edge configuration, Each vane segment consists of an 
upper and a lower (unstl f fened) skin with a similar leading edge Joint, 

Nonstructural tip fairings and hinge fairings are of hot-formed ther- 
moplastic See Figures 150 and 1M . 

Referring again to F Iguros 150 J M , and 1 5>' * the material selection and 
the type of molding considered for each of I he '/(Y/ machine molded, reinforced 
plastic components nvo as follows: Ihe spars, spar splices and skins (-7, -11, 
-9, -73, -1, -/», A ~5) arc mode <>l compression molded high modulus graphtto 
f I lament/opoxy; the ailerons (-43 thru -A 1 )) are made of Injection molded 
F-glass/nylon; Ihe tip fairings (-25) and the flap hinge fairings (-09 & -71) 
are made of hot-formed AHS; and the remainder of the components" are made of com- 
pression molded S~y lass/npoxy . 

All of The above compuiionls are then appt opi ialoly prepared for bond- 
ing, fixlured and secondary bonded to form a right hand and a left hand wing 
half; which are subsequently attached fo one anothei and to the fuselage with 
mechanica I fasteners, 

Two alternate wing construction concepts (designated II and III) were 
considered as possible weight and/or cost savers. Referring to Figure 153, Con- 
figuration II replaces the graphite channel section spar with an S-glass rec- 
tangular rigid urethane (foam core) section. Also, the graphite skins are 
replaced with S-glass skin-s. The resultant weight saving in the spar Is exceed- 
ed by the weight penalty in the skins. See Table XXXIII. Configuration III is the 
same as II, except graphite is used in place of the S-glass. This concept (I.e., 
Ill) amounts to a \Q% saving in total wing weight and, as will be discussed lat- 
er, a 5% saving in wing cost. Both graphite wing construction concepts repre- 
sent significant weight (and cost) savings over conventional sheet aluminum con- 
struction, ( if the cost of graphite can be reduced to $1.00 or $2.00 per pound). 

Fuselage: The fuselage is conventional in size and shape. The overall 
dimensions include a maximum width of 48 inches, maximum height of 60 inches, 
and a length of 232.5 inches (firewall station 100.00 to aft tip of stringer 
fairing). There are two passenger doors, one baggage compartment door, two side 
windows, and a one-piece windshield. The fuselage design is only preliminary 
since neither loads nor stress analyses have been performed to size the various 
components. 

Referring to Figure 154, the structural concept for the thirty-three 
piece fuselage is based on all bonded construction of glass reinforced plastic 
components. The firewall is stainless steel. 

Skins and frames arc compression molded from a prepreg one-inch S- 
glass/epoxy composite. The longerons and channels ^re bag-molded from 
continuous-filament S-g lass/epexy prepreg tapes. The stringer fairings are 
molded from one-Inch f>g lass/polyester composite prepreg. 
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Figure 11)5 
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Component Technical Analysis.- The pro I I ml nary loads and stress analyses 
for the Far Term airplane were developed and performed using conventional 
methods generally accepted by the aircraft Industry today. The material/con- 
cepts chosen for the various components are based primarily upon the phase I 
part of the Study. 

Several additional factors Influenced the final structural arrangements on 
airfoil components, For example, single-spar construction over stringer-spar 
construction was chosen for two reasons; (1) The airfoil component loading In- 
tensities were of such lew magnitudes that liltlo. If any, advantage could bo 
gained with the str I nger-spnr concept; (2) concern existed over I he poaa 1 1> I t I ty 
that the si ringer configuration would tend to croale ridges In the smooth air- 
foil section and Ihus d<>nrade fhe aerodynamic characteristic;; of ihn smooth 
w I ng , 

In snloeling mnhirluls lor the various component,, primary consldei ,,| |on 
was given to the wing, the Impel fence of strut-turn I Integrity wan paramount 
for this component} Ihoiuioio, oontl nuous-lypo filament compoultou w-.u used for 
Iho main spar and wing skins. I he contlnuour,~f Ibor, erosr,»l ami nation u.;it Ifluru- 
tlonu give optimum frucluro toughness and fatigue strength because their Inher- 
ent discontinuities lend \-o Inhibit crack propagation between the fllamontr,. 

The empennage, while treuted as primary structure, was nevertheless con- 
sidered to have slight" I y lower priority from the standpoint of fatigue and 
fracture toughness. For those reasons non-conttnuous glass with thermosetting 
resins was used for structure. 

The fuselage utilized both types of composites. The longerons and other 
moment reacting members were made with the continuous filament material, while 
the low load Intensity fuselage shear panels Incorporated non-continuous glass- 
reinforced plastic. 

The selection of adhesives to be used for the secondary bonding of struc- 
tural elements such as spars to skin and stlffeners to skin is not covered in 
this report. However, it Is recommended that an ambient temperature-cure type 
adhesive be used, where needed, in order to minimize secondary stresses between 
elements due to differential thermal expansion effects. 

The material allowables for the continuous filament composites are present- 
ed tn two forms. First, the material allowables for the non-continuous filament 
composites are listed In Table XXXIV. The 3/8" E-Glass/Nylon 6/10 properties 
were obtained from reference 25 . The 1" S-Glass/Epoxy allowables resulted 
from data In reference 26 . Where, In particular cases, the material proper- 
ties were not furnished by the manufacturers, the values were estimated ustnq 
reference 14 or ovher means. 

Second, plots of the allowables as a function of percent of unidirectional 
fibers (remainder at ±45°). Graphlte/Epoxy and S-Glass/Epoxy allowables in 
this form are shown In Tlgures 155 and 156, respectively. The second form 
assumes all fibers In one direction with the allowable given as a function of 
load angle to fiber. Graphlte/Epoxy and S-Glass/Epoxy allowables in this form 
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are Included in Figures 157 and 158, respectively. Composite allowable values 
given in reference 16 were used to generate the curves in Fiqures 156 thru 
158. 

It should be recognized at this time that some of the values presented in 
the Material Allowables section are constdarod average or tvpical, This is due 
mainly to the fact that these materials have just recently been developed and 
are constantly being improved. Further development of these composites should 
eventually result in complete test programs for the determination of design 
mechanical properties similar to those established in reference 7 for metallic 
materials. 

For the purposes of this study the available material allowables are con- 
sidered adequate for the following reasons: 

(1) Reduction factors were generally Included with the allowable when 
calculating margins of safety, 

(2) A majority of the calculated margins of safety were over +0,20, 

(3) Projected material allowables 15 years from now should be well above 
the values presently used in light of the accelerating state of the 
art improvement being made. 
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TABLE XXXIV 
COMPOSITE ALLOWABLES - NON-CONTINUOUS F I LAMENT 



Compos i te 


F tu 
ksi 


F 
cu 

ksf 


F bu 
ksi 


F 
su 

ksi 


F. 

bru 

ksi 


psi/10 6 


E 
c 

psi/10 6 


E f 
psi/10 6 


G 
psi/10 6 


1 b/ i n 3 


3/8" E-Glass 
Nvlon 6/10 


20 


18 


32 










1.2 


(3) 
.391 


.048 


Chopped E-Glass 
Polyester 


20.1 


25.5 


31.5 


(1) 
9.2 


(1) 
19.7 


(1) 
1.18 


(1) 
1.37 


1.99 


(3) 
.655 


.070 


1" S-GIass 
Epoxy 


45 


61 


85 


8 


22 


8.5 


7,8 


7.1 


(3) 
2.38 


.060 



Notes: (1) Use glass fiber/ polyester mat properties per ref. 14 

(2) 1.1 F bru of Chopped E-GI ass/Polyester 

(3) Shear Modu.us, G = ^^j ; E @ff = .75E 
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CONTINUOUS FILAMENT GRAPHITE/EPGXY ALLOWABLES 
VS % OF UNIDIRECTIONAL FIBERS 
( Remainder at ±45°) 
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Figure 155 



t 



-# 



t!^JU^_>-^-^ww --_>- 












.;. 















fi 



o<& 



'■»C0 



V? 



10' 



(psi) 



F (ksl) 



CONTINUOUS FILAMENT S-GLASS/EPOXY ALLOWABLES 
VS % OF UNIDIRECTIONAL FIBERS 
(Remainder at ±45°) 




40 60 

% % 0° 



100 



Figure 156 



229 






If » , 



t c ' .' ■ " ' — e' a q pa 



**■"- 



^**i, io*w» * — 



t -i ' J 1- 



CONTINUOUS FILAMENT GRAPHITE/EPOXY ALLOWABLES 
VS LOAD ANGLE TO FIBER 
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Figure 157 












CONTINUOUS FILAMENT S-GLASS/EPOXY ALLOWABLES 
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WING PLANFORM 
(All dimensions in Inches) Wing area = 180 ft 2 

Aspect ratio = 7 
Span = 35.5 ft 

Airfoil NACA 63 2 - A215 



25ji> churd 



Main spar « 40$ chord 
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54.6 
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y = 



b/2 = 213 - 
figure I5y 



y = 213 



Wing loads criteria .- 

Min. design airspeeds (FAR part 23, Appendix A): 
Flap speed, V p min = 102 mph 

Maneuver speed, V. . = 140 mph 
A mi n r 

Cruise speed, V c m , n = 160 mph 
Dive speed, Vp min = 222 mph 

Limit flight load factors and average wing load w: 
(FAR part 23, Appendix A) 



W 
S 



3000 
180 



16.5 psf limit 
Limit n x = 3.8g positive 

Limit w = rn (~) = 3.8(16.5) = 62.8 psf 
Ult w = 94.2 psf = .654 psi 



Item 


Norma 1 
category 


Flaps up 


3.8 


-1.9 


3.8 


-1.9 


Flaps down 


1.9 
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Inertia re I lot factor, J, 



Assume that the Inertia distribution Is similar to Iho ai r ln,,rj j r ,g 

.90 



w - w 

j = la JL „ 3000-317 

n W " 3000 
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Wing design , symmetr ica | flljjh t cuncJIIIon . - 



W I Mr » RUN INC L0AU: 

w r - w c J 
n 



WING BEAM SHLAR: 
S - E u> Ay 



WING BEAM MOMENT: 
M - £ S^ Ay 




(■■( lb/ in. ; 
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M (in-lb) 
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C_ Airplane 



WING CHORD VS. Y 
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Figure io0 
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Wing torquo H 2% chord: 

(1) Use C M - -.03 based on 63 2 215 airfoil; reference 6, page 527. 
(/'■ lor the maximum torquo conditions the slight contribution from 
the drag component, AD, is nog looted. 



a . c: . 




AM 



V.25c 



M 



y - 



.25c 



AM „ - Ax AN 
= C M uiAyc - ,017o((oAy) 
= tocAy (U M -.017) 
= £u)C(C ( , - .017) Ay, C - -.03 



AM 



ac = u m w ^yc 



Ax 



X ac "' 25c ' X ac = - 267c 



Where 



.267c - .25c 



M 



= -.047 EwcAy 



= .017c 
AN = wAy 



Wing torque v» Elastic Axis, (e.a.): 

(1) For preliminary design purposes assume Elastic Axis outboard of 
wheel well to be at 40% chord. 

(2) Determine e.a. inboard of wing Sta. 65 (thru wheel well). 



.40c 



10.7 in. 




S 2 =l000lb 



10 in. 
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* Wing-fuselage Intersection: 
I Mtt ,40c 

q., 2A ~ 10(1000) 

4- 

10000 



•' q- 



?00 



20 lb/ in 



>:s 



hq, - S z + hq 2 



.q. 



1000 f 10. /O 'O) 
10,/ 



Whoro 



2A = 2(455-20 ';) 

- 5U0 in / (Krtf .tig. 1M) 



h - 10,7 (|tof . I |o. R,2) 



1M lb/ 1 ii 



t, .... 1, ,.,, 

Whuri' q-,, is uqunl k> uh,.,ir flow nncni,!i,iry lo rosloru <ol I lo aid Iwisl. 

Aquino: l t ■ 2l.,; L, « (,U.b In (ncilod); h - 10./ in (K.,1 . I |.|. !..;■) 

Atwibl « lllilOiil + ^O(bO.i)) _ 10.7(^3) _ 00. 5(^: 



2t, 



2t. 



= o 



- 600 + 1210 - 5.35q 3 - 60. 5q- *» 
_ 1810 



1 3 t>5.85 



28 lb/ In 



£ M«« ,40c using adjusted shear flow: 
eS z = q^ 2A 

a - 8 (500) , . 

e -"Toob- = 4 ln 

c = 72.5 In H STA. 24, therefore: e = 4c 



.40c - .055c = .345c 



72.5 



q 2 = q 3 - q 2 

* 28 - 20 = b lb/ In 

- .055c 



In the load analysis the elastic axis of the wing tnboard of the wheel well 
bulkhead at Sta. 65 wil I be assumed at 34.556c. 



From Sta. 213 to 65: 

My = My 25 ,. + S z Ax e>a> . 
- My 25Jt + .15c S z 



Ax . = .40c - .25c * ,15c 
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Figure io2 
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Winn dof leclionc: Dotormlno wine, deflection at max. ult. sym. flight 

condition and at V, , 

flap 

Vp ' ; 10? mph Roforonco pago i'>2 
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n - 3, fig page 2.12 
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I' esign unsymmetrlcal flight condition .- The main spar carry- thru is 
designed for 100% of the sym. loading on one side and 70% on the other per FAR 
port 23, Appendix A. 

UNSYMMETRICAL WING LOADING 



n.W 

i 



.70 rijW 
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|—45ln-H N0TE: 



INERTIA RELIEF NEGLECTED 



y = 97.5 (SMAC) 

u!t n, = 5.7 



W = 3000 lb 
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Figure 165 



Ret. pg. 232 
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OjW 



.70n W 
f- = 8550 lb. , ~- = 5980 lb 



imR 



rijW 



7- (y + 22.5) - 45R 



. ^ 



(y - 22.5) = 



8550(120) - 45R z - 5980(75) = 

r = 572200_ = L 12800 |b> 
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R r^W .70 ni W 



^ 8350 + 5980 - 12800 
= 1730 lb 



Design landing conditions . 
Parameters: 

Limit load factor 



-■40 



n = 3.0 g establ ished 
ult.n = 4.5 g 

W = 30CJ lb. assume max gross wt. for landinq confiq. 
i - Lift 
" " wt. 

= .667 Ref. FAR part 23, para. 23.725(b) 
V = Descent velocity 

= 10 ft/sec ref. FAR part 23, para. 23.473(d) 

LANDING LOADS GEOMETRY 
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a ' = 57 in 
b ' = 19 in 
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Figure 166 



FAR part 23 
Appendix C 
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Basic conditions: Ref . FAR part ,'5, appendix C 







TABLE XXXV 
ULTIMATL LANDING 


LOADS 




Hem 


Level Landing 
3 Point 


Level Landing 
2 point 


Ta i 1 -Down 
Landing 


Vart. Component eg. 


nW = 13500 lb 


1 3500 1 b 


1 5500 1 b 


Fore & Aft 
Component i3 eg. 


KnW - 3380 lb 


3380 1 b 





Latere 
@ eg, 


3l Component 











Main gear 
Both Wheels 


V 
r 


<n - d L » W3 ' - 7870 lb 


(n 


-DW = 10500 lb 


(n-L)W - 10500 lb 


D 
r 


KnWa' 

d , = 2535 lb 


KnW = 3380 lb 





CD 

0) 

O) 


(/) 
O 


v t 


(n-L)Wb' _ nfpQ , b 








a ' 


D t 


KnWb» „._ . 
d t - 845 lb 








Winq control surfac 


e loading conditions. 


_ 







Aileron loading : S ., = 715 in 2 

at I 



Wing Sta. 151 



? 



AILERON GEOMETRY 
- b = 55 i n 



206 



r 

14 In 

i_ 



Hinge <£ % .75c 



i r 

12inc g = 13 in 



if (idealized) 

t t 



Ai leron control e Sta. 151 
Aileron support - continuous piano hinge 
Figure 167 
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( 



-gB»aT- i. i p ■ «.. ,» M we f , .,,, , , . -t, ,,^ 



•W ■•*#$■ 



,~J"*V 



^ ojLV , iF 



-A, ' >. 






Control surface loading determined from FAR part 23, Appendix A 



Ave. limit w 
Ult w 



njW 




29 psf for -y- «= 62. U psf 
43.5 psf 
.302 psi 



Mi nge 
I ine 



DISTRIBUTION 



x = .33c^ = .33 (13) = 4.29 

a 



Net ult. a I leron loads; 



aileron w S a I I . ' S ai leron = 715 in? ' 

= .302(715) = 216 lb 
w/in = c a w , c a = m lb/In, page 241 

= 13(.302) 
= 3.92 lb/in 

max M' = btox = 55(3.92) (4.29) = 925 in-lb 



Aileron torsional wind-up: 



151 



e = 



] 



A 

L 

Ay 

q 



- A 151* A 206 _ „ F In2 

- 2 23.5 in* 

= 28.8 in. 

= 206-151 = 55 in. 

'M \ /• ,-\ 

.925 



m) 



2(2)(23.5 = 9 ' 8 lb/in 



( 



Try 40$ glass reinforced nylon 6/10 

G = .391 (10 6 ) psi Reference page 221 
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" fr ■*■ a«JLJ ' I P'* 1 n i ^j »- . 






->k^V 



.. v \f 






iaa ^^a r - - . ^j ^a^rt^ 



>2 IS 






<>»• 















"°«f^ 




** vi 


-*^v 


*v3F; 




■^/^^ 


. # %3 




-*■*-. *"; 



aJ- 



with t .0!:>0 

L ?<?3.5)(..591)<10 6 )JL ,O l .O J L W J 
"1.0° 
Flap lo.uiin.j(pr imury) : 



IbiiOO 



W0000 



.0168 rad. 



Sta. 24 



FLAP GLOMLTRY AND LOADS 
(A I I di inclusions in Inchus) 



Vj] 



1 ..'7 



82 



41 




Flap control g sfa. 24 
Flap supports ~ 4 



.75C 



wi ng 




Load condition per FAR part 23, Appendix A 




DISTRIBUTION 
Figure 1b« 



( 
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'.<v./ ; V*>: 




*M*~>*ii,- "***> ■ -^ : - - ■ 



~~\ 



.^ % "V> 



Jtei 



Ave. I Imit w - 40 psf for 



niw 



Y~ - w.a psf 

Reference page 242 
ul I w = 60 psf = ,A]7 p S | 

2w_t_w = , 5 w - JL - .417 _ ,__ . 



2w « 2 (.278) = .556 psl 



l444c flap ' A "< = * " "attach = ' 444c 



w/in ~ we, 



.417c, 



.31c - .134c 
Reference page 243 



Map • flap 

G Sta. 24, u - .417(18) .-• 7.5 lb/in 
8 Sta. 151, to ••■= .417(14) = 5.84 lb/in 

TAULE XXXVI 
MOMENTS PER MOMENT DISTRIBUTION METHOD USING AVE. ui BETWEEN SUPPORTS. 

7.5 lb/ in M „ »i 2 

fixed 12 

5.84 lb/in 




2Ld 



K 





.50 


.50 


.52 


.48 





Fixed 
Moment 


1015 


1015 


937 


937 


1035 


1035 


Balance 


1015 


-39 


39 


51 


-47 


-1035 


Carry over 


20 


508 


-26 


-20 


518 


24 


Balance 


-20 


-267 


267 


280 


-258 


-24 


Carry over 


134 


10 


-140 


-134 


12 


129 


Balance 


-134 


-75 


75 


76 


-70 


-129 


Carry over 


38 


67 


-38 


-38 


64 


35 


Balance 


-38 


-52 


52 


53 


-49 


-35 


Carry over 


26 


19 


-26 


-26 


17 


24 


Balance 


-26 


-22 


22 


22 


-20 


-24 


Net 
Moment 





1170 


1163 


1202 


1203 





K: Distribul 


■ion factor 













( 
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•>V;-V; ,% 



as 







T 

i 



Support reactions due to airloads; 

ZM g b (left side) 

s 20.5(297) - J170 a , 20 |b 
"a 



TM c (loft side) 

K ,.. M. 5(7.9/) + 20,5(275) - 82(170 ) -J?nv 



41 w - 297 
ave 



/. 



b 



41 



R, - 31/3 lb 
''b 

ZM (4 c (right si do) 

p .. 22. 5 (27b) - 1202 , . . 

R z . 45 " ] U 

d 

R.. =111 lb 




1170 In- lb 



b. 



297 lb 



R 



)41((. 



41(6.70) -- 27b lb 



z = £ w Ay-R -R 
c ave ' z z, 
a b 



z = 297 + 276 + 275 - 120 
c 



- R 



313 



- 111 



A^ 



+■ 



) II i M > 



z = 304 lb 
c 



-41 In- 




1202 in- lb 



41 in 






Flap loadi ng (secondary) : 

The secondary loads generated at the wing-flap hinge line due to wing de- 
flections are based on the following criteria; 



( 



h = 3.0ln 
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.—i—n 



ii i in «um 



,. ■ 'i .'•«'!:';■;, 



\<^i '■?*,■ 




:^-" 



=--£- 



1) flap i x ■•= 0.71» In 
Flap I - 9.00 In 11 



} es '. nated 






if 
9 



2) Flaps set at 40° 

3) Wing deflections for V f| . - 102 mph given In Fly, 164 

Using the criteria with tho momont dlslributlon mothod ylnlds tho follow- 
ing ultimate loads, critical at support b 

R - 590 lh (afl) 

b 

K, - 59 lb (dwn) 



M^ • /020 In-lb (comp. upper surface) 

I) 
M x -■ 20300 in- lb (coinp. lead, odgo) 



Net ull . flap loads: 

The resultant flap loading, critical at support b, is presented in 
Table XXXVII v 



A* . 



■» 
•r 



TABLE XXXVII 
NET ULTIMATE FLAP LOADING 



LOAD 


DUE TO 
AIRLOADS 


SECONDARY 


NET 


R 
*b 





590 lb 


590 lb (aft) 


R 
2 b 


313 lb 


59 lb 


372 lb (dwn) 


x b 

M 
| Z b 


1170 ln-lb 


2020 ln-lb 


3i90 in-lb compression upper surface 


-, ° , 


20300 ln-lb 


20300 in- lb compression lead, edge 



Flap torsional wind-up: 

Determine torsional wind-up assuming flap hinge attachments at .31c. 

24 
M = E u Ax Ay ( w from page 244) 
y 151 



( 



24 b 






. j w^w-j jm *■! j.i m i«p 



• V,,.,,. .y.«^-:;;*' 



I 



.. " " v 'k " " 






From sta, 151 1o 106 



ave 



6.14 lb/In, Ax - .134 (14.5) * 1.94, Ay ■; 45 | n . 



u .jvo Ax Ay r 6 ' 14 H.94)(4S) = 535 in-lb 
From sta. 106 to o5 



av 



' : rt.70 lb/In, Ax = . 1 7.4 ( 1 1» ) - 2,15, Ay - 41 In, 



'°avo Ax Ay " "./iH;M5)(41) = 592 In-lb 
From r, I,,. 65 |o 24 

"nvo " ; >' n lb/ln » Ax - .134(17.5) - 2.35, Ay - 41 In. 



u avy Ax Ay L " ^.24<;?.Sb)(/|1) •■• (,97 |n-lb. 



M y - 535 + 592 + 697 = 1824 in-lb 



= I 



[(**«»](« ?HH 



24 

151 



where: 
A 
L 



L 151 + L 2-, 



Y. 

[2 J 


[1 I 
[2Aj 



= 30.8 in 

1824 
2(2) (21 .8) 

Ay = 151 - 24 = 127 in 

Use 1" S-glass/epoxy material 

G = 2.38U0 6 ) psi 

with t = .040 



=21 lb/ in 



Reference page 227 



6 



= 1.2(21.' 



8)(2.38)(1 



mnp-v™- 



82 200 
4 160 000 



( 



.0198 rad. = 1.T 
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W *" 



~'.f . 

9 ' u ' 



gtt .f < > ' • ' ■ »-* ' .„ • *" 



rif ; 






r -"35^ 



l lL f ^JLLiJ.i2M^ili^ rhroo different matnr i dl Aoncopl r, wore considered 
for ,h,! w,n ''* lho wi,1 <) s ^ n <»><J rnuin f.;pcir worn taken a-, t hn variable*, while 
llu' diloror^, flops, c.honJwiso skin sti f I '!ii«r s, trail Inn, odno spur, auxiliary 
spur, and wing ribs worn held similar for oil three mater I a l/coru.opt mnflqu- 
rutlorib. 

TAB . XXXVIII 
WING MATtKIAL CONLLPTS 



i\)»j1- i 



11 



ill 



wiur, '..K|N 

'•ruphl t('/opoxy 
'- 1 - I .-»y* m I .mil ii.i In 



MAIil :.!'/M; 

< >l dph i le/cpo/y 

Mul I l-l,iy.«i . ••iihl.inl 
Hdlh ' jp'i wi Ih v.irhildu 

I h i 1 Ishcsr. Weh 




Clip'. 

/!.!■; tin 1 — 

»l i t «■« I lonal 

1 II.Mf-:-, 



Vi'oh 01 • I 1 Ml I .) I |< 'It 



spur cross section 



tfl.'JO oKlil 

S-gl ass/epoxy 
5- 1 dyer I ami nate 




>pan 



orientation 



Web 



MAIN SPAR 

S-g lass/epoxy 

Multi-layer constant 
width caps and constant 
thickness web around rigid 
foam or balsa wood core. 




caps 

100% uni- 
d irectional 
f i bers 



spar cross section 



Same as Mater ia I /Concept II except graphi te/epoxy used in place 
of S~q I ass/epoxy. 



y4u 



0.-3U 



m m ukL J .~ ?= 



Si p" _» ■ ;. ■ -H -g~» -- * 



«». * «;« . nUt ■11.' 



/•-^.-^N, 



^frf *" "'^)> '° 






If" •./?.- 'f! 



"tt* 



pR 




ir 



4. 



m 



Winy, Matur la (/Concept I ,- 

Stress analysis of skins, and stlffenersj 

Assumption:,: 

(1) Shear resistance al limit load, 

(2) Maintain minimum skin t,. - ,040 In, (5 layers), 



SK 



Material ; 



Skin - coullnunus filament HraphMo/Epaxy 
Mil ff.nors - 1" Sh . I ass/| poxy 

I'M Imale skin sIhmi si rov,; 

M 



ft 



.;.-#; 






i"U. 



TABU XXXIX - ULTIMAU WING SKIN SHEAR RIISS 



Wing 
sta. 


M 

y 

1 n— 1 b 


2A 
In 2 


1 b/l n 


f 
s 

psi 




Fly.1b3 


Fig. 161 


Fly. 169 


Fly. 172 


^13 
185 
165 
145 
125 
105 
85 

65 

45 

24 | 




6270 

11780 

18000 

25500 

33700 

43000 

/ 53800 

\ 33800 

41700 

49800 


416 
480 
540 
610 
674 
740 
820 
440 
480 
500 


15 
25 
33 
42 
50 
58 
66 
77 
87 
100 


375 
625 
825 
1050 
1250 
1450 
1650 
1930 
2180 
2500 



for th 



Ultimate skin shear flow vs. wing station Is plotted in Figure 169 
he maximum flight condition. 
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' Imj.uJ." | M"Lkl = i | . l jfJr '<»^9M 1 ' > H ""'"" ■ ' 1"" » m. iii 



T^r- 



to^iji 










ULT, WING SKIN SHEAR FLOW, q f , DUE TO MAX, TORQUE FLIGHT CONDITION 
100 



'I i (lb/In) 




Y STA (In) 



1 bo 



200 



Figure loy 



Determine shear buckling allowables, t , for wing skin panels (assume a I 
ides fixed): cr 



24 
I 



WING TORQUE BOX GEOMETRY 
^5 (All dimensions In Inches) 



213 




AIRPLANL 



Figure 170 
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^;; , ■^,^^^^ 1 '^;^.^■•f• 








T 



^1^%-^^ 



<r 






' O 



^ 



pp 


f 


* o 


1 


■ 0— 


r 
k 




cr 



K s E c 4 



sk 



Find E # 



E = 



ZEn 



F. Layers 




SPAN 



5E c = E l +E 2 +E 3 +E ^ +E 5 



E l = E 2 - ,5 



E 3 " E * " 1 



E g = 1.48(10°) psl 



5.4(10 6 ) psl \ 
.00(10 6 ) pst I 



Reference Figure 157 



F = C2(15. 4) + 2(1.00) + 1.48)3 CIO 6 ] 
c 5 

= 6.86(10 6 ) psl 

(Stations 24 to 65) with 6-Inch stiffener spacing 

Ref. Figure 171 



K s " 9 -° f ° r * " 2§tf - - 258 

cr 5 » 

4 



6*1 



E = 6.86 (10°) psl , t 



sk 



.040 In. 



9.0(6.86) ( 1 0°) (.040) 2 
(6.0) 2 . 



» 2750 psl 



Station 65, (outboard) with 8-inch stiffener spacing 



K = 9.2 for r 
s a 



8.0 
26.6 



* .30 



Ref. Figure 171 



. 9.2(6.86) (1 , 0°) (W . 158Q 
Cr (8.0) 2 
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'^^^^^^^mW^- 



m » ' ■ i- 



/' 



(Station 213) with 8-Inch stiffener spacing 
K 



cr 



10.0 for | = f§3 = .44 Ref. Figure 171 



10.0(6.86) (10 6 ) (.040) 2 
(8.0) 2 



= 1720 psi 



FLAT PLATE SHEAR BUCKLING COEFICIENTS 



K 
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Figure 171 






I .U I H H. I WI. I H I I III 



r 



Comparison of actual ultimate skin shear stress with requirement of 
t... > .667 f. , reference Figure 172 , indicates that the wing Is shear resls- 



cr 



J ult 



tant for the maximum ultimate torque condition. 
(Station 65 critical) 



Limit f 



1050 psl 



t * 1580 psl 
cr r 



Ref. Figure 172 



_cr 
'3 



1580 



Buckling M.S. = j*- - 1 = "fo50" " 1 = * 0,5 ° 



ULT. WING SKIN SHEAR STRESS VS SHEAR BUCKLING ALLOWABLE 



3000 



2500 



2000 



f 



s 
cr 



T — (psi) 



1500 




1000 



100 Y 150 
Y STA (In) 



Figure 172 



C 
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rtM* 






mmmm 



Wing skin stiffeners: Made of non-continuous 1" S-Glass/Epoxy material and 
analyzed using pressure distribution data from reference 6 ♦ The distribution 
as shown in Figure 173 is for ^wo different airfoils § C L = 1.00, To obtain an 
Idealized normal chordwise pressure distribution for the NACA 632-215 airfoil, 
used In this study, the curves In Figure 173 were averaged. Ihe resulting 
distribution Is presented In Figure 174* 



WING PRESSURE DISTRIBUTION * C L = 1.00 




c 



Figure 173 
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1 




_ ! 


■ •'■; '" yj . 


;>*'"'=:■ .'. 





r 



■ \ 

\ 
V 



r 



NACA63 2 - 215 AIRFOIL 

IDEALIZED NORMAL CHORDWISE PRESSURE DISTRIBUTION 

.15 wc 

1 <£ T.E. spar 

Main spar 




Figure 174 



(Critical stiffeners between leading edge and main spar - lower surface 
station 24) 



Use .20c in calculating stlffener moment. 

M _ WA - .60wc x spacing x .40c 

M stiff." 8 8 

Whftrfl J 

= . 18wc 2 = . 18(. 654) (5260) 
= 620 In-lb 



w = .654 psi p. 232 

c 2 = (72. 5) 2 
= 5260 In 2 



Assume composite section with 2.50 in. of skin effective. 



_V n 



element x 



Where 



k tr 



n - effectiveness factor = ^ sktn 

E st!ff. 

E - equivalent E 



E ts In direction 
of stlffener 




SKIN FIBER ORIENTATION 
3 



Stlffener 



H—--H 



5 Figure 175 



? 



<*d 
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*< '■•■ . i- Krs:: 



m 



MRfcaMfpMim 



r 



ZN layers E = W...+ !M n E n f E , = 1.00(10*) ps! 

Where / E 2 thru E 5 ■ 1 .484(10 6 )psl 
(Ref.Flg157)j 

I f§ 6 = 1.0 + 4(1.484) 
*skln = 1,39(, ° 6) P sl ' ^stiff. ° 7 ' 8(1 ° 6) P sl Ref. Table XXXIV 



WING SKIN STIFFENERS 
(All dimensions In Inches) 
■• 2.50 m 




h,afeilL,1.39(10«) „ J78 
E stlff. 7.8 (10 6 ) 



skin A +p = nA ; stiff. A. = A 



EA 



.32 In. 



l tr 



tr ~" 



M st.ff. " 620 lrHb 



Ref. page 255 



Figure 176 



stiff. f b .£ 



620(.76) _ « finn . 
.01324 " 3560 ° pSl 



Using 1" S-Glass/Epoxy; F. * 45000 ps 



~tr 
Ref. Table XXXIV 



(outstanding leg 
critical) 



Stiff. t>end. M.S. . A - i . 4|§°£ - 1 = + 



35600 



+0^ 



r; 1 



Leading edge: Check leading edge for ability to support stiffeners and 
beam loads to wing bulkheads. 

LEADING EDGE LOADS „ - „ * , t 

LE lower surf. upper surf. 

53 ' 4 °£;: 18C (.608c> « .330RC 




U) 



lower 
surface 



0) 



Figure 177 



upper 
surface 



.40c 



.40c-. 10c 
.40c 



<.15wc) « .750wc 
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■/s 



M^JiiUt 



-' O : ' * ." .. .-' ■■"" / - '. ' " " " „ .^ 



■P* 



r 



u> LE ~ .330wc + .750wc - 1,08Gwc , 
And w - .654 pst /. w - .706c 

Bending critical between wing stations 24 and 65 
M mav = .0882(69.5) (41) 2 = 10300 in-lb 



Ref. page 256 



Where 



/ 



c » 69.5 in 



( Ay = 41 In 

Assume moment reacted as couple between upper and lower cap control ds. 



* t = .096 for 
first 3.00 in 
of chord 




M 



P = 

c 



max 



h = 2.9 In. 
10300 



Ref. Fig. 178 



P = 
c 



2.9 



= 3550 lb. 



STA.24 



LEADING EDGE GEOMETRY 
Figure 178 
(All dimensions in inches) 

* For Wlng/Materlal Concepts 
II and III, t « .080 In. 



The tension and compression stresses in +he critical laminates will be 
based on the following basic combination of fiber orientation (Ref. p. 255 ). 



LEADING EDGE FIBER ORIENTATION 




SPANWISE 



Figure 179 



£ 



The critical layer is No. 1 since It is unidirectional with the applied 
couple force, therefore: 
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V>j- r ?*:7 : 



jyiiiiijiiMiii 



V 



A 1 + A 2 



+ A, 



V 



+ A„ 



V 



+ A c 



tb 



All A's are equal, therefore A, » -^ 

J. o 

P 



"1 

and: 



+ A, 



V 



E l 



f t° f c a tb 




E E E E E 
2 3 4 5 6 

t» 4 A 1 1 1 




t 'c tb 1 + 4C.0914) 



+ .0615 J 



E t « 16 250 000 psl 

E 2 B E 3 S E 4 B E 5° ' 484 00 ° pSl 
E 6 = 1 000 000 psl 



Where i 



6 P 



4.2 P 



1.428tb 



tb 



c m 4.2(3550) a 44350 , 
.096(3.5) W3U P»' 



u 2 _ 


1 


484 


000 


E 1~ 


16 


250 


000 


E 6 


1 


000 000 



16 250 000 



.0914 



* .0615 



F cu = 56500 psf ; K c * 0t80 (s+abm+ y> 



Compression critical M.S. = j^ - 1 - '^gq 00 * ~ 1 s + 0*02 



Stress analysis of main spar: 



Assumptions: 

(1) Maintain constant 2.00 in. cap width for bonding purposes. 

(2) Use a 71.5 percent unidirectional fiber configuration for the 
cap. This Is an estimation as to the optimum arrangement for 
maintaining adequate shear resistance through the thickness of 
the spar cap, 

(3) Make spar web shear resistant at limit load. 

Material : 

Continuous filament Graph ite/Epoxy spar web: The following combina- 
tion of fiber directions Is assumed for the web remembering that the posi- 
tive (up) shear condition is twice the negative shear condition. There- 
fore, twice as many +45 layers are needed as -45° layers for shear 
resistance. 



c 
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SPAR WEB FIBER 
ORIENTATION 



- 2 
sew 



cr 



k limit f 



Outbd. 




nbej. 



net 



4,8(6. 16)(10 6 )t 2 
w 



29,6(10 6 )t 2 
w 



Where: 

K = 4.8 for £■ - « 
s b 

E c - 15.4U0 6 ) psl 



Figure 180 



Also, 

T 

cr 

And, 

S . 
web 



_ q net 



29.6(io s )t' 



w 



* - S 
z r 



= .0107 



S = shear relief due to taper 
-2^j tan 6 

\ 

S„ = 0.0214 r* 
r hf 

Therefore, 

S web ' S z " - 0214 £ 



The required spar web thickness vs. 
wing station Is presented In Figure 183 



2E 

h* 5 



c „ 2(15. 4H10 6 ) 



« 6.16 (10 6 ) psl 

(Assuming 2 out of 5 layers 
effective In +45° 
V direction.) 



Where: 
t 



. Ket h w \ 
W V29.6(10 6 )J 



1/3 



*net 



web . 



h w = ,90h (Ref . Figure 162 



q t , (Ref. Figure 169 

h_ ■ 
h 



t* r » 11.35 ^ 
t» t ■ 6.80 / 



Ref. Figure 162 



b * 426 
M 



f 



Ref. Figure 159 
Ref. Figure 163 
.95h Ref. Figure 162 

SPAR WEB GEOMETRY 



Figure 181 



Spar 
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Figure 182 
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200 



WING SPAR WEB THICKNESS- MATERIAL/CONCEPT I 



250 




100 v cta 15 ° /, t 
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Figure 183 
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Spar- flange (composite section): During spar bending a portion of the 
wing skin laminate an<i tno wrap-around layers of the spar^web together with the 
spar web are dll effective. In the following analysis they will be treated as 
composite elonronts using the basic flange cap as the base material. 



f t 



M y v 
- x 



element 



n * effectiveness factor = element 



tr 



N.E. + ... +«,£ mbtena! 

E » equivalent E for each element » — *— ' -j, -— , (4 ^ layers In each 



ZN 



direction 



1=2 Ay 2 + 21 , assuming equal flanges top and bottom. 



"tr tr 'tr 
Skin element (assume 5.00 in. eff. width) 



c 
10 6 



4E 1 * E 5 _ 4(1.484) + 1.00 



E = 1.39(10 6 ) psi 

E 1 thru E 4 * 1.484(10 6 ) £sl 1 Ref. 

Figure 157 



SKIN ELEMENT FIBER ORIENTATION 
5 1 



E 5 = 1.00(1 



For the cap element, 

E * 12.2(10 6 ) psi 
For the web element, 



10 6 ) jisi I 
6 ) psi J 




45° 



E 
10 6 



E 1 + 3 E 2 * h 



Figure 184' 

Ref. Figure 155 (For 71.5* unidirectional fibers) 

SPAR WEB ELEMENT FIBER ORIENTATION 
5 



16.25 + 3(1.484) + 1.00 



4.34U0 6 ) psi 




Figure 185 
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For the skin splice element 



E 
10 6 



2E 1 ME 3 + 2E ? 
8 



- 2(16.25) + 4(1.484) + 2(1.00) 
8 



SKIN SPLICE FIBER ORIENTATION 

7i S3 



45° 



E = 4.93U0 6 ) psl 
TABLE XL - EFFECTIVENESS 




Element 


E 


n 


Skin 


1.39U0 6 ) 


.114 


Splice 


4.93(10 6 ) 


.404 


Web 


4.34U0 6 ) 


.356 


Cap 


12.2 (10 6 ) 


1.000 



Figure 186 



n - 



_ e I ement 



cap 
cap = base material 



A = An 



COMPOSITE SECTION @ STA. 24 
(All dimensions in inches) 
5.00 




Figure 187 
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'# 



I » 110.288 In 1 * 
*tr 

Check bending stress, Reference Figure 187 and Table XL for y and n, 
respectively. 



V" 



tr 



568000 v n 
110.288 



5150 y n 






I 








TABLE 


XU - MAIN S 


PAR MARGINS OF SAFETY 




Element 


f b 


t tu 


K c F cu 


M.S. 
Tension 


M.S. 
Comp. 


Effective skin 


3150 


3850 


24000 


+ 0.22 


+ High 


Skin Splice 


11100 


16800 


29600 


+ 0.52 


+ High 


Web 


9700 


14000 


28800 


+ 0.43 


+ High ! 


Cap 


26800 


49000 


39200 


+ 0.83 


+ 0.46 i 
1 



Notes : 



KF 



(1) M.S. = f- - 1 
T b 



for ten., K t = 0.70 fatigue factor 
for comp., K * 0.80 stability factor 

C 



(2) F and F obtained from Figures 155 and 157 by using the element E as 



tu cu 
a reference ordinate. 

Shear stress & spar C 
f .lit. V £(A trV> 



*tr b 



*tr b 



847(11.8990) „ „ nft . 
.160(110.288) " 5700 P 81 



V * q ne+ h w = 874(9.70) = 8470 lb. 



h * .90h, Ref. Figures 162 and 182 



2 A tr y * 11*8990 In 3 



Use rule of mixtures to determine F 



I F 



su 



su„ tn 
n 



su 



web 



£ t_ 



Where 



b * ,160 In Ref. Figure 183 



n * Individual layer 



^ 



Ac 



"^m^&mm^mm-'i ?i 
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mm 



t 



«r 



F s Ul - ^ " 5200 P sI 

F = F = 17800 psi } Figure 157 
•2 . 3 



su. 



su 



web 



2800 psi 



- 2(5200) + 2(17800) + 2800 
5 



COMPOSITE SECTION STA 24 
FIBER ORIENTATION 



H 




Figure 188 



= 9760 pst 



web M.S. - 



su 

f 



- 1 = 



9760 
5700 



- 1 « + 0.72 



Spar cap thicknesses were determined at wing stations 75 and 125 maintain- 
ing similar margins of safety to those calculated at station 24. 

The resulting required spar cap thicknesses versus wing station are shown 
In Figure 189, along with the actual thicknesses ultimately used in the design. 
Since the spar was generally tension critical, the compression flange thickness 
was decreased in order to save weight. The reduction In moment of Inertia was 
offset by the reduction In distance from the neutral axis to tension flange, 
thereby positive margins were maintained in tension. 



WING SPAR CAP THICKNESS 




'STA 
Figure 189 



(in) 



0" 
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Stress Analysis Closing Spar: 
Material : 

Non-continuous filament 1" S-Glass/Epoxy. 









t .:■ 



CLOSING SPAR GEOMETRY 
65 106 




CLOSING SPAR @ .75c 




206 STA 



Figure 190 

Closing spar flange: The flange Is critical Inboard of station 151 for 
basic airloads plus wing-flap deflection secondary loading. 

,,_ , , EFFECTIVE SECTION 

M x = 3190 ln-lb., Ref. Table XXXVII CLOSING SPAR 

.. (All dimensions in inches) 

M x 
o b 3190 . a - .. 

f t 5f c4 s Tfe) s,08M P sl 



Ref. p. 227 



F tu 


s 


45000 


psi 


F cu 


s 


61000 


psi 


K c 


= 


.80 





.70 



Ref. p. 263 




Figure 191 



Tension critical M.S. * -^ - 1 = ^2i|52001 . ] = ^ 



91 



O 



Closing spar web: Web gage determined to be .051 by Inspection. 
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Wing - Fuselage Main Attachment, stress analysis: 
Unsymmetrlcal flight condition critical: 



S/bolt = 



12800 lb 
2800 



(Ref. p. 239; S_ = R ) 
Z L L 

3200 lb. 



WING-FUSELAGE ATTACHMENT 

3/4" BOLTS 



The attachment Is critical for 
bearing where It Is assumed that the 
fuselage bulkhead made of 1" S-Glass and 
the Graph !te/Epoxy spar web have equiva- 
lent bearing allowables. 




Figure 192 



In order to determine required t, use K. * 2.0; F. = 22000 psl 

F r ru (Ref> 22?) 

r bru _ S 



Dt 



*req 



req 

SK br 
F bru D 



3200 (2.0) 
22000 (.75) 



= 0.388 In. 



Main Spar Splice, stress analysis: 

Flanges; Symmetrical flight condition critical 



P = 57500 lb. 
c 

F. = 22000 psl 
bru r 

allow bru 

= 625(1.00) (22000) 

* 13750 lb/bolt 

Use 7 bolts to maintain 
a margin of safety of 
over + 0.50. 

Z P 



i i 



SPAR CAP SPLICE 
• •it 



,j i 



i i i 



| PCAP' 



= 1.00 



dH> 



7-5/8" BOLTS 



«-t spL =0.50 1 



M.S. = 



a I low 



- 1 



Figure 193 



. 7(13750) . , . + o fifl 
" 57500 ' " + 0^68 

Web; Unsymmetrlcal f I Ight condition critical : 
S, = 4300 lb ; Use 1/2" dla. bolts 
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xj ■ i: 



v 

if. i 



mm 



(Critical bolt loads) 

P z = !| a i|00 a1 075. b . 

p „ Mz_ s 4300(1.0X4.0) 
y lz z 2[(4) 2 + (1.33) 2 ] 



SPAR WEB SPLICE 
(All dimensions in inches) 



= 1075 lb 



2 2 

p a p* + p* 

r z 



) 



I/2 



1180 lb* 



(Bearing critical) (F bru = 22000 ps!) 



f « — 

T br Dt 



1180 H-tCA 1 

30T7l60T s 14750 P sI ; 




m c - bru * . 22000 1 An - ft 



SECT* A-A 
Figure 1 94 



Wing, Material /Concept II *- 

Stress analysis of skins and stlffeners: 

Assumptions: (1) Shear resistance at limit load* 

(2) Maintain minimum skin t . - .040 in (5 layers)* 

Material: Skins - continuous filament S-Glass/Epoxy. 
Stlffeners - 1" S-Glass/Epoxy. 

Ultimate skin shear stress: same as Materia I /Concept I (Ref* page 249) 
Shear buckling allowables 



cr 



K s 1 4 



'sk 



SKIN FIBER ORIENTATION 



5E c ,E 1 + E 2 + E 3 + E 4 +E 5 



Ej « E 2 = 7.6(10 6 ) psI 

E 3 = E 4 = 2.2(10 6 ) psi 

E 5 = 2.27(10 6 ) psi 

E c . C2(7.6) ♦ 2(2.2) + 2.27 1r i0« 1 . ^ mm ^ 




Figure 195 
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The x cr vs. wing station was calculated in similar fashion to the mater- 
ial/concept I procedure on page 250 except for the change In E r . Reference 
Figure 172 for a plot of the values. 

Figure 17? Indicates that the wing is shear resistant for the maximum 
limit torque condition. 



(Sta. 24 critical) 
limit f = 1670 psl 



x cr » 1750 psl 



Buckling M.S. - -SL - i 
Ref. Figure 172 r s 



Wing skin stiffeners: Same as Materia I /Concept I. 
Leading edge: Assumed effective section on page 257. 



f 1» 



4A t + 6A 5 




. A > & A * A 
' M 1 10 ' *1 *■ 



Therefore : 




LEADING EDGE FIBER ORIENTATION 

.5 
o 

f l 

SPANWISE 



3550 




.« + ( 6 **X5J 



22300 psl 



45°. 



Figure 196 
t = 0.080 In. ; E t = 7.8(10 6 ) psl 

b = 3.4 In. ; p = 3550 lb 

c (Ref. p. 257) 



Compression critical M.S 
120000 



22300 



- 1 = + high 



E 5 » 2.2(106)pst 
F cu = 120 000 psl 
K = .80 stability factor 



Stress analysis of main spar: 



^ 



Assumptions: 

(1) Maintain constant 2*00 in. cap width for bonding purposes • 
Use a 100% unidirectional fiber configuration for the cap. 
Form spar web around a 2,5 lb/ft 3 rigid urethane foam block to 
maintain its shear resistance and also to provide for an 
adequate flange to web shear transfer area. 



(2) 
(3) 



I 
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Spar flange and web (composite section): The spar flange will be analyzed 
as a composite section following the methods, on pages 261 thru 264, used for 
the Materia I /Concept I member. (Material: Continuous filament S-Glass/Epoxy). 



Skin element, (assume 5.00 In. effective width): 



E, thru E 4 « 2.20U0 6 ) psl 
E- = 7.80U0 6 ) psl 



Ref. Fig. 158 



5E 
10 6 



= 4E, + E c = 4(2.20) + 7.80 



SKIN FIBER ORIENTATION 
*-5 



E = 3.32(10 6 ) psl 
Skin spl tee element: 
Ej thru E 4 = 2.2U0 6 ) psl 
E 5 & E 6 = 1.95(10 6 ) psl 
E y & Eg = 7.8(10 6 ) psl 




Figure 197 



SKIN SPLICE FIBER ORIENTATION 



•Ref. Fig. 158 



8E 
10 6 



= 4E, + 2E C + 2E-, = 4(2.20) + 2(1.95) + 2(7.8) 



E = 3.54(10 6 ) psi 
Cap element: 100? unidirectional 
E « 7.8(10 6 ) psi Ref. Fig. 158 
Web element: 
E t ti.ru E 4 = 2.20U0 6 ) psi 




Figure 198 



WEB FIBER ORIENTATION 
,1 
2 



TABLE XLII- EFFECTIVENESS 


! FACTORS, n 


Element 


I 


n 


Skin 


3.32(106) 


.426 


Splice 


3.54U0 6 ) 


.454 


Web 


2.20(106) 


.282 


Cap 


7.80(106) 


1.000 




Figure 199 



n « 



"e I ement 



'cap 



EA^y = 5.318 in 3 ; 
tr 



I * 56.360 in* 
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COMPOSITE SECTION tf STA 24 
(All dimensions In Inches) 
5,00 



SKIN 




.040 



Check bending stress: 

?8 00C 
56.360 



-CASPAR 
Figure 200 



f b * V~ = 56 t°^n Y " = 10100 y n M„ = 568 000 In-lb 



tr 



TABLE XLIII - MAIN SPAR MARGINS OF SAFETY 



! 
Element . b 
1 


t tu 


K c F cu 


M. S. 
Tension 


M. S. 
Comp. 


Effective skin ! 23100 
Skin Splice , 24300 
Cap 53500 


27300 
31500 

. 147000 

L„ 1 


44800 
47200 
96000 


+ 0.18 
+ 0.30 
+ 1.75 


+ 0.95 
+ 0.94 
+ 0.80 


Ref. notes on p. 263 











Shear stress % spar G^ : 

f a V 2(A tr y) . 8470(5.318) . t 

f s I b 56.360(.064) " ,2500 P sl 



tr 



Web M.S. = ^°|P. . , a + high 



Where: 

EA,. y = 5.318 In 3 
tr 

b » .064 In 

V = q net h w » 8470 lb, 

F.„ * 50000 psl 

5U 



The resulting main spar cap and web thicknesses for the Materia I /Concept 
II configuration are presented In figure 201 and 202. 



?70 



c 






mm 



::. '^K^r 



*5P*i 



m 



I.OO l 

i 



L CAP 
(In) 



WING SPAR CAP THICKNESS-MATERIAL/CONCEPT II 
1.000- 



NG-FUSELAGE INTERSECTION 




100 
Y STA. (In) 
Figure 201 



200 



"-WEB 
(In) 



.150 



.100 



.050 



WING SPAR WEB THICKNESS-MATERIAL/CONCEPT II 



.160 



W I NG-FUSELAGE I NTERSECT I ON 



50 



100 
Y STA. (In) 
Figure 202 



.064 



150 



TIP 



200 



£' 
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Wing Materia I /Concept III .- 

Stress analysis of skins and stlffeners: 

Assumptions: Same as Materia I /Concept I (Ref. p. 249) 

Material: Skins - continuous filament Graphlte/Epoxy 
Stlffeners - 1" S-Glass/Epoxy 

Ultimate skin shear stress: Same as Material /Concept I (Ref. p. 249) 
Shear buckling allowables: Same as Mater I a I /Concept I (Ref. Figure 172) 
Wing skin stlffeners: Same as Materia I /Concept I (Kef. p. 254) 
Leading edge: Assumed effective section on page 257 . 

p LEADING EDGE FIBER ORIENTATION 

t T c tb E_ 



10 



.080(3.5) 

= 27800 psl 

t = 0.080 In 
b = 3.5 in 



F cu = 56500 psi 



4 + 6 -2- 
fc 1 

3550 



4 + 6 



1.484 10 6 



15.4 



106 




SPANWISE 



Ref. p. 257 



10 

Figure 203 
E 1 = 15.4 (10 6 ) psl 



E 5 = 1.484 (10 5 ) psl 
P c = 3550 lb. 



Ref. Fig. 157 
Ref. p. 257 



K c =0.80 assumed stability factor 

Oo*.N.S..^Hl-1..^gj|fiU,. +S8S 2 

c 

Stress analysis of main spar: 

Assumptions: Same as Mater la! /Concept II (Ref. page 268) 

Material: Continuous f I lament Graph ite/Epoxy. 

Spar flange and web (composite section): The spar flange will be analyzed 
as a composite section following the methods, on pages 261 thru 264, used for 
the Materia I /Concept I member. 
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Skin element (assume 5.00 fn. effective width); 

E 1 thru E 4 = 1.484C10 6 ) psi 
E 5 = 16.25(10 6 ) psi 

5|_ 
10 6 
Where 



SKIN FIBER ORIENTATION 

\ 



= 4(1.484) + 1625 




E = 4.44(10 6 ) psi Figure 204 

Skin splice element: Same as Materia I /Concept I. 

E = 4.93(10 6 ) psi 

Web element: 

E t thru E 4 - 2.12(10 6 ) psi 

Cap element: 100# unidirectional 



WEB FIBER ORIENTATION 
1 
2 



E = 16.25(10 6 ) psi 




Figure 205 



COMPOSITE SECTION § STA. 24 
(All dimensions in inches) 
5.00 



SKIN 




RIGID URETHANE F "H 



•SPAR 



Figure 206 
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TABLE XLIV 


- EFFECTIVENESS 


FACTORS, n 


E 1 ement 


E 


n 


Sktn 


4.44U0 6 ) 


.273 


Sp 1 i ce 


4.93U0 6 ) 


.303 


Web 


2.12(10 6 ) 


.130 


Cap 


16.25U0 6 ) 


1.000 



M * Y " a 568000 Y n „ 9130 
I 62.322 * IJU 
x tr 



y n 



(Reference Figure 206), 
E. 



/ n = 



"e I ement 



"cap 



cap = base material 
• 6.126 In 3 

= 62.322 In 1 * 



IK+ v • 6.126 In 3 
tr 



tr 
M = 568000 In- lb. 



v 

i 



TABLE 


; XLV- MAIN 


SPAR MARGINS OF. SAFETY 




Element j b 


K t F tu 


K c F cu 


M. S. 
Tension 


M. S. 
Comp. 


Effective ski nl 13400 


17500 


40000 


+ 0.31 


+ 1.98 


Skin SDlIce | 14700 


20700 


40800 


+ 0.41 


+ 1.78 


Cap 1 45800 


67000 


45800 


+ 0.46 


+ 0.00 



Ref . notes on page 263. 
Shear stress @ spar Q. 



V S(A tr y) 8470(6.126) 

S " \ b 
tr 



62.322(.064) 



= 13000 psl 



F su = 24800 psi 



Web M.S. ° -p 1 - 1 ■ 75§§| - 1 - +0.91 

s 



Where: 

Z^ y = 6.126 In 3 
tr 



b = 2(.032) * .064 In. 
W h w 



V - q„A.. = 8470 lb 



The resulting main spar cap and web thicknesses for the material/concept 
III configuration are presented In Figures 207 and 208. 
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WING SPAR CAP THICKNESS - MA T ERIAL/CONCEPT III 




100 150 

Y STA (In) 
Figure 207 



WING SPAR WEB THICKNESS - MATERIAL/CONCEPT III 
,160 



WING FUSELAGE INTERSECTION 



jL 



.064 



50 



100 
Y STA (In) 
Figure 206 
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Horizontal tall stress ana lysis . - 

Geometry : 



HORIZONTAL TAIL PLANFORM 
(All dimensions In inches) 
76.00 



9.00 




LEADING EDGE 

Figure 209 

Loads criteria: Based on FAR. part 23, Appendix A. 

Wing loading: n 1 § ■ 62.8 lb/ft 2 ref. pg. 232 

Average tail loading: w = .400 lb/in 2 ult. 
Desing maneuver/gust condition: Critical for beam shear and moment. 
Running load, u: 






to ■ w c, 8 15.2 lb/In 


c * 37.92 In 




w = .400 lb/In 2 


Beam shear, S : 




S 2 * IwAy 




Beam moments, M : 




M x = IS z Ay 
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HORIZONTAL TAIL ULTIMATE SHEAR AND MOMENT, 8 25% CHORD, MANEUVER/GUST CONDITION 



k 






1200 h 
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s 

z 
(lb) 



400 - 
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50 



40 



30 

M 
x 
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FUSELAGE ATTACHMENT 








> — s. 
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^^ 






L. 


* ^ 








X 








/* 


:o a 


6 


76 



i- 

Y STA (In) 
Figure 210 

Ant I -servo tab loading condition: Critical for tab and also for torque on 
the horizontal tal I . 

LOADING DISTRIBUTION ON ANTI-SERVO TAB | 

2W 

- u 2w + w 
w 2 




ANT I -SERVO 
TAB 



a 



25% chord 



Figure 211 
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Average tab loading: Reference FAR Part 23, Appendix A, Table 2 



w = 49 lb/ft 2 limit 
= .51 lb/In 2 ult. 



- w 



Where w s 73 Ref. Figure 211 



Running load, 



u * 5w = 5(.51) = 2.55 lb/In 



Beam shear, S z = ZwAy * w* = 2.55(76) * 194 lb/side « 388 lb/total 

Torque, M : 

6 servo tab hinge I Ine 

M * Ztax Ay, = 76 (2.55X2.22) = 430 tn-lb/slde, x = .444(5.0) = 2.22 In, 
y st 

e 25$ of horizontal tall chord 

M y = Iw(x + 23.40)(Ay) = (2.55) (25.62) (76) = 4960 In-lb/slde 

= 9920 In- lb/total 



HORIZONTAL TAIL ULT. SHEAR & TORQUE 6 25$ CHORD 
ANT I -SERVO TAB LOADING COND. (PER SIDE) 



Ofe) 



M (in-klp) 




40 60 

Y STA (In) 
Figure 212 
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Unsymmetrlcal f I fght condition: Critical for horizontal tall-fuselage 
attachments. Distribution based on FAR Part 23, Appendix A, Table II. 

HOR I ZONTAL TA I L UNSYMMETR I CAL LOAD D I STR I BUT I ON 



i r 



w. 




UMII 




Running load, a>: 
u^ = 100# of a) for sym. cond 
= 15*20 Ib/tn Ref. p. 277 



. j S z»> ' "R = 6St of » 



for sym. cond. 
= .65(15.20) = 9.87 lb/!n 



VIEW LOOKING FORWARD 
Figure 213 



Summation of loads at <£ aircraft: 

S z - Sw L Ay + w p Ay = 15.20(76) + 9.87 (76) = 1880 lb total 

Ay . JJ40i761 „ 740176 ) „ 15300 |b . |n 



M. = IS 



o z, 



y - ES 



O Zf 



Horizontal tall mate rial /concept. - The single spar, chordwlse skin stlff- 
ener concept using non-continuous 1" S glass/epoxy, In all cases, was the 
configuration used for the horizontal tall. 

Stress analysis, skins and stlffeners: 

Assumptions: (1) Shear resistance at limit load. 



(2) Minimum skin t 



sk 



.032 In. 



Ultimate skin shear stress: Anti-servo tab loading condition critical. 
HORIZONTAL TAIL TORQUE BOX SHEAR FLOW 
•.25c 




Figure 214 
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e fuselage Attachment: 

q t * 2A = 2A S 2(111) " 21 ,b/ln ' M y = 4600 In " lb Ref * F,g * 212 



ult. f. 



q t 21 
- -i - -=4^ = 657 psi ; Limit f ■ 438 psl 



L sk 



.032 



Shear buckling allowable, t : using, 5.00 In. stlffener spacing and simply 



supported panels: 



cr 



cr 



K s E c *sk 



sk 



Where: Typical panel size 5.00 by 23.4 



b 

a 



23.4 



= .214 



K - 5.1 

s 



I" 



f 



* 



5.1(5.85)(10 6 )(.032) 2 



cr 



(5) 2 



E = effective modulus 
c 

= .75 E c = .75(7. 8H10 6 ) 



= 1220 psi 



« 5.85C10 6 ) psi 



Comparison of ultimate skin shear stress with the buckling allowable 
shows the component to be shear resistant at ultimate load. 

Limit f - 438 psi 
s 

T rr 1220 

Buckl Ing M.S. = -j- - 1 » 1 ^ - 1 - + 1.78 
s 

Skin stiffeners: Critical between main spar and closing spar for 
maneuver/gust condition. Assume Q0% of total normal airload on tail reacted 
by skin stiffeners on top surface. 



«l- 



HORIZONTAL TAIL SKIN STIFFENER LOADING 
x = 14.4 fn 




ANT I -SERVO TAB 



Figure 215 
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u 1 - .80w x spacing = .80 (.400) (5.0) 
■ 1.60 lb/in. 



W 2 S 



Where: 

w ■ .400 lb/In 2 ref. p. 277 

5.00 In. spacing 



W 



1 



u 2 = 5 28T40 



■ 5 



1.60 



P = 1 (23.40) = 



28.40 

1.60 + .282 



.282 lb/In 

(23.40) = 22.00 lb. 



R l = 



E* a 22.00(14.4) . „ 

23.40 23740 13,6 ° lb 



R 2 ■ P - R, = 22.00 - 13.60 = 8.40 lb 
M max = 65 ln - ,b 



(— .80-H r 



.032 




-JU-. 



051 



L 



(All dimensions in Inches) 
Stlffener section, assumming .80 in. of skin is effective in bending. 

y « .256 in. 



Stiffens f b . p. . ^£|2. . 47.00 ps, 



Bending M.S. = 



F bu K c _ j _ 61000(.80) 1 



'b 
+ 0.04 



47100 



I xx = .000353 

F » 61000 psl 
cu (Ref. Table XXXIV) 
K = .80 stability factor 



Stress analysis, Main spar: 
Assumptions: 

(1) Maintain a flange width, b, to flange thickness, t, ratio of 
4.0 (max). However hold b to a minimum of 0.75 in. for bonding 
purposes* 

(2) Use I-Beam configuration. 

(3) React moment as couple between top and bottom flange. 

(4) Make spar web shear resistant 

(5) Make spar web compression resistant to 50 psl bonding pressure 
required to bond skins to main spar. 

Spar flange: Maneuver/gust condition critical. 

max M x * 37500 In-lb 8 sta. 5 Ref. Figure 210 
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couple P c » fp - ~~ « 8530 lb 



" w "eff. 

A eff " \lg + A skln 

■ 1.50(.180) + 1.5CH.032) 
= .318 In. 2 



f- ■ f ■ 



8530 



t 'c "318 n 26800 P sI 
Tension critical 



Tension M.S. 



tu K t 



- 1 



F ■ 45000 psi Ref . Table XXXIV 
K. ■ .80 fatigue factor (assumed) 
Tension M.S. = ^§§§^Pi- - 1 = +0^ 



HORIZONTAL TAIL 
MAIN SPAR CROSS SECTION 




(All dimensions In inches) 
Figure 216 



T 



Stress analysis, Spar web: Critical for shear buckling, due to maneuver/ 
gust condition, outboard of sta. 5.0. 



cr 



cr 



K A t2 

— z — 



4.8(5.85)(10 6 )(.063) 2 

s (4 - 2)2 

X 1 " -48 " 4300 psi 
\eb u * 5 



Shear buckling M.S. « -r^ - 1 



6300 psi 



Where: 



K s 4 » 8 f° r simply supported 
web with no intermediate 
stiffeners, ref. figure 171 

E c * .75 E c = 5.85U0 6 ) psi 

S. « 1140 lb Ref. Figure 210 



web 



h w + w 



4.2 (.063) 



.265 In 2 



A check of the spar web for the 50 psi limit bonding pressure condition 
Indicated that the .063 In thick web should be maintained throughout. 
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Stress analysis, closing spar: Reacts the anti-servo tab loading plus 
chordwtse skin stiffener loading* 



Tab loads: 



P a * 31 lb , 



P. « 58 lb 

D 



P c = 50 lb , 



P. * 55 lb 
a 



HORIZONTAL TAIL - CLOSING SPAR LOADS 
<£ AIRPLANE 



t.7^1 9 h^21|n-H-»22ln-M 24 
TAB In |n \ 

LOADS 



* r\ r. k r« & 



STIFFENER 
LOADS 




**t»10ln^"" Zl 

VIEW LOOKING FORWARD 

Figure 217 



Stiff oner loads; 
Ro 



8.40 



Ttj " .80 x spacing .80(5.00) 



= 2.11 lb/in 



Beam shear and moment: Determined using the moment distribution method 
and the equal ibrlum equations Z M * and Z F = 

621b 581b 501b 551b 

►•2211 



CLOSING SPAR 



h*- 5ln-»H 19 t-»22l n^M 21ln— H 4 h*- 

— 



mi ivrfi i i i 



Moment 
Operation 


dl< 


strlbutlon me 
~« ,0 — 


tthdd 


m* 


\"*i 


66 — 


m* 




I 
R 




.868 


.132 




1.0 




FEM 




-95 


-1633 




-1669 


-26 


1 


>, 


S -1340 


198 


\/ 


1643 


.*■ ■ ' 




670 jr 


■v 


670 


-822 


vv 


-99 




2 


\ 


^ -1300 


192 


\-< 


99 






650 XH 


^ 


650 


-50 


y^ 


-96 




3 




-610 


90 




96 




Net moment 




-2025 


-2025 




-7.6 


-26 
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1 ft 
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Reactions: 
£M g R 



21 

R to - 62(55)^41 (50)+19(58)+2 J 1 (71 ) 2 ( ,5) -2025 . ,„ lk 
a. - eg s IPO ID 

ZF = 

R zl = 76(2. 1D+3 1+58+50+55- 150 = 204 lb 

HORIZONTAL TAIL CLOSING SPAR 
ULTIMATE BEAM SHEAR AND BENDING MOMENT 
150 



3 - 



-1 



-2 



-3 



100 



50 



M x 
(In-lb) 



S z 
(lb) 

50 



100 



150 



i 



w 



/ 

/ 



#20 40 
Y STA 



/ 



y sift y 

At 



\», 



60 



(In) 



K 76 



HORIZONTAL TAIL 
CLOSING SPAR CROSS SECTION 

b 



Figure 218 

Closing spar flange: critical at inboard support 
M x = 2025 ln»lb Ref. Figure 218 

couple P„ » ■£- = ^r - 1550 lb 




c h, 



1.3 



.032 1 fi 



Figure 219 
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a* 



*« ■*«■<«. 



; A eff. = A flg + A skln = - 75( - 032 + .032) = .048 In 2 



Tension critical : 

1550 
t .048 



1550 
f^ » -tJts- - 32300 psl 



Where; 



F = 45000 psl Ref. Table XXXIV 



K t - .80 Fatigue factor (assumed) 

T9nsIon M .j. . !b(!5l . , . «w<.aoi . , . +2ag> 



Closing spar web: Make shear resistant 



cr 



k , h j 



r _ 4.8(5.85)(1Q6)(.032) 2 
Cr (1.2) 2 

» 20000 psl (not critical 



f s = A^ = J§4 " 4220 P sI 



Shear M.S.- -f- -1 = f§§°- -i » +o. 9 q 



Where: 

K § » 4.8 for simply supported web 
no Intermediate stlffeners, 
Ref. Figure 

E c = 5.85(10 6 ) psl Ref. p. 283 

h w = 1.2 In 

max S 2 = 162 lb. 6 Inboard support 

A u « 1.2(.032) = .0384 In 2 ' 



su 



8000 psi Ref. Table XXXIV 



Stress analysts, fuselage attachment: 

Critical condition: unsymmetrtcal maneuver/gust + servo tab loading. 
HORIZONTAL TAIL- FUSELAGE HINGE LOADS 
FUSELAGE 

PLANE OF MAIN SPAR WEB 



ATTACHMENT 




Figure 220 
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6 Fuselage <£ ; 

s 2 = s + s 

unsym. flight ant I -servo tab 
= 1880 + 388 = 2268 lb (Ref. page 279 and 280) 

M y = M = 15300 !n-lb. (Ref. page 280) 

*unsym. flight 
M = M = 9920 In- lb (Ref. page 279) 

Y y antt -servo tab 



Net attachment lug loads: 
M 
r s 2± = 9920 = 
z control x D 8 *° 

S M R z . 
R = _£ + _* + oont. = 



1240 lb 



2268 15300 . 1240 
2 + 10.5 + T* 



« 1134 + 1460 + 620 = 3214 lb. 

R_ = 1134 - 1460 + 620 = 294 lb. 
Z L 

Lug bearing critical (multi-lug): 



T br Djt , 

3 fuse, lugs, 
t « .25 In/ lug 

2 spar lugs., 
t * .375 in/lug 

I t « .75 In/side 

x _ 3214 



D 2 Di 
.625 .50 



8570 psl 



br .500(.75) 

F b ru " 22000 P 8 ' **f. Table xxxiv 
bru 



HORIZONTAL TAIL 
MAIN SPAR LUG 
(Ail dimensions in inches) 




R, ■ 3214 lb 
Z R 



Figure 221 



Bearing M.S. 



F ^Ar 



f 



br 



" 1 s 8570° <0>5) " 1 ° + 0t28 : \ r " °* 5 assum8d 



a 
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Stress analysts, Anti-servo tab: 
Assumptions: 

(1) Shear resistant skin 

(2) Limit tab wind up between tip end fuselage to approx, 
2 degrees ♦ 



Spar: The leading edge of the tab served as the spar for carrying shear 
and moment* It also provided the lugs for. the attachment to the closing spar 
of the horizontal tall. 

The shear, moment and lug reactions were determined thru the use of the 
moment distribution method and the equilibrium equations. 



HORIZONTAL TAIL ANT I -SERVO TAB SPAR LOADS 
W s t = 2 - 55 lb / |n Q AIRPLANE 



ANT 1 -SERVO 
TAB SPAR 




L 24ln ^22in^L21 in— j 9 |— 



VIEW LOOKING AFT 
Figure 222 



max M = -126 in- lb; max S » 33 lb 

R a s 31 lb , R • 50 lb. 
a c 

R b * 58 lb , R d * 55 lb. 
f b " hbt * 1.2(.80H.063) " 3340 P sl 



XT 

f s S ht S 1.2(.063) a ^6 P 3l 




b 

.50ln 
ASSUMED SPAR SECTIONS 



The above calculated stresses give high margins of safety. 
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Ant i -servo tab torsional wlndup: Ant i -servo tab condition critical 
(Ref. page 278 ) Distribution shown below. 

ANT I -SERVO TAB CHORDWISE LOAD DISTRIBUTION 

W 



[TT^rm 




■...-•[WWW]. 

tip ■ b^kij L r "« *"^ 



Figure 223 
y = 76 



.(2A) 2 (6t) 
10.4 



(5. 52)2(2. 38)(. 063) 
= .0369 radius = 2.12° 



Where: 

T = W st S y 

L = 1.2 + 2(4.6) = 10.4 in. 

6 = 2.38(10 6 ) psi Ref. Table XXXIV 

2A = 2f^J 4.6 = 5.52 In 2 





TABLE XLVII - 


HORIZONTAL TAIL MARGIN OF SAFETY SUMMARY 






Item 


Material 


Type of 
loading 


Stress 
level 


Al lowable 
(psi) 


Factors 


M.S. 




Skin 


1"S~Glass 


Shear 


438 


x « 1220 
cr 


— 


+1.78 




Skin Stiff. 


i\ 


Bending 


47100 


F » 61000 

cu 


0.80 


+0.04 


~ 


Spar flange 






Bending 


26800 


F = 45000 


0.80 


+0.34 


.8 


Spar web 






Shear 


4300 


t = 6300 
cr 


— 


+0.46 


O 

<2 


Closing spar 
f 1 ange 


• 




Bend t ng 


32300 


F • 45000 


0.80 


+0.12 


Closing spar web 


i 




Shear 


4220 


F 8U - 8000 


— 


+0.90 




Fuse, attach, 
lugs 


V 

TS-Glass 


Bearing 


8570 


F bru - 22000 


0.50 


+0.28 




Flange 


t lf S-6lass 


Bend i ng 


3340 


F tu * 4500 ° 


0.80 


+high 


K 


Web 


1"S-Glass 


Shear 


436 


F su » 8000 


... 


+high 



a 
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Vertical tall stress analysis .- For simplification of loads determination, 
the tall was divided Into panels, A thru F. 

VERTICAL TAIL GEOMETRY 
(All dimensions In Inches) ,i t t H.3Q 

Rudder area = 6.66 i "1 
Fin area = 9.18 J_ * 
Total =15.84 ft 2 




59.00 



I H— 29.50—* f 

— H 21.20 h 



Effective Aspect Ratio 

AR 

Ftn 



Figure 224 

Reference 8, p. 325 



, s j^j = 1.55(4.92) s482< c ac r <39-z)(c root -c +tD )1 

e S 15.84 4 '*" ' c ave c tlp + |_ 59 J 



c aye = 15.30 + (59 - zH2 lf ' 15 ' 30) = 15.30 + (59 - z)(.241) 



Rudder 
c 



ave 



11*30 + (59 - zX.168) 



a 







TABLE XLVIII VERTICAL TAIL PANEL DIMENSIONS 




Panel 


z 


59-z 


.241 (59-z) 


c 
ave 

Fin 


.168(59-z) 


c ave 
Rudder 


A 


54.50 


4.5 


1.085 


16,38 


.76 


12.06 


B 


45.0 


14.0 


3.38 


18.68 


2.35 


13.65 


C 


35.0 


24.0 


5.78 


21.08 


4.03 


15.33 


D 


25.0 


34.0 


8.20 


23.50 


5.71 


17.01 


E 


25.0 


44.0 


10.60 


25.90 


7.40 


18.70 


F 


5.0 


54.0 


13.00 


28.30 


9.08 


I 20.38 



290 



mm 






■.«&,..;v,?j.''--.".:.>: 



•U.,T-T 



*!** 



t u rn mm m ' .twm 



I- 

i; 



Vertical tall loads criteria: Based on FAR Part 23, Appendix A. 

Wing loading, n 1 | =62.8 lb/ft 2 Ref. p. 232 

Vertical tall design flight condition (fin): The gust load condition as 

required by FAR Part 23, paragraph 23.443 for a 30 ft/sec. nominal Intensity 

gust at V (V = 150 mph) was determined critical, 
c c 

From FAR Part 23, Appendix B, Figure 5: loading, Figure 8: distribution. 

For | * f!~and AR @ = 3.00 (baseline), * 3 00 = 34 

V VERTICAL TAIL CHORDWiSE LOAD DISTRIBUTION 



For actual AR A =4.82 
e 

w W 3.00L3(AR + 2) J 

s 34 f 5(4.82)1 
J4 L3<4.82 + 2)J 

= 40 lb/ft 2 limit ave. 



P. . ,(ult) = w S 1.5 « 40(15.84)1.5 
ToTa I v 




=950 ib 
Distribution: 

w s P totat „ 
144 S 



Figure 225 
RUDDER LOADS SPANWISE DISTRIBUTION 



950 



144(15.84) 



—Mil. 301 

UPPER HINGE 



= 0.418 lb/in 2 ult. 
c 
w = av9 rudder ( . 

r ' 75sc ave () 
Rudder hinge loads: 



w r c ave 



rudder 



"tip 
Therefore, 



•tip 



L ave rudder J 



1.5 Z c. 




ave 



LOWER HINGE 



J h-21.20ln— H 



'ROOT 



Figure 226 
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x ^*\<h>ni'T'- V . ''■ ■'"''• 
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r 






i # 



tip 



_ (11.30)2(.418) 

1.5(15.30+11.30) " '- 34 lb / ,n -J 



28.85 ( K34 f- 47 ) (59) 



y u 48.25 

Running load: w « w c 

ave 

Beam shear: S + Z w Az + P. 



= 67 lb.; 



Beam moment: M 



y u ; 



E S y Ay 



Torque about hinge line: M - E w x Az 

where x - .68 c 

ave* 

Resolution of loads @ hinge line: 

M = M sin 70° - M cos 70° 

x z 

= .94 M - .342 M, 

T = M cos 70°+ M sin 70° 

= .342 M + .94 M, 
" z 



w - (21.20)2(.418) . ,_ ., ., 
"root" 1.5(29.80+21.20) " i2,47 ,b/,n 



P u = 112 - 67 = 45 lb 
y £ 

where: p » upper rudder hinge load, 

Ml 



sin 70° « .94 
cos 70* * .342 



Q. Hinge 



M x sin 70 




M x co3 70' 



T(ln-klp) 
M(ln-klp) 

S ypOoJ 



20 



15 



10 



VERTICAL TAIL-FIN GUST LOAD CONDITION 
SHEAR, TORQUE AND BENDING 



•M 



2p^ 



I I 

Ult. Shear 1 to hinge <£ 
Ult. Torque II to hinge £ 
Ult. Moment 1 to hinge £ 



30 



Figure 227 
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Design flight condition (rudder): The maneuver condition generated by 
sudden maximum rudder displacement Is critical per FAR Part 23, Appendix B. At 
this time the airplane is In unaccelerated flight with zero yaw. 

From FAR Part 23, Appendix B: Figure 1 curve A: loading; Figure 7: distribution 
Wing loading: | - ^ - 16.5 ; K^ « 39 

Tall load: w = K^ (j^) » 39 (|y|) « 33.7 lb/ft 2 limit ave.; n = 3.8 



Distribution; w = 2 w = 2 }^ ,7) 

« 0.468 lb/in 2 limit 
« 0.702 lb/in 2 ult. 



Rudder hinge loads: 

w A ..-l>L -■ •*«<"-*» ■ 3.97 lb/In 




'tip 



2 

w c 



z * .449(59) = 26.5 In. 



m 9 .702(21.20) a7 , 45|b/|n . 



'root" 2 2 
Note: For spanwlse load distribution see Figure 226. 

EMS lower hinge 



(z + 2.25) ( Wfl P * * root ) (59) 28,75 ( 3 » 97 \ 7A5 ) (59) 



(46 + 2.25) 



48.25 



201 lb 



* 2P - P. * 337 - 201 * 136 lb 



Beam shear, moment and torque: The shear, moment and torque on the rudder 
were determined using the same general equations on page 292 as were used for 
the fin portion of the vertical tall. The resulting diagrams are presented In 
Figure 228. 



Stress analysts of fin skins and stlffeners: 

Assumptions: 

(1) Shear resistance at limit load 



(2) Minimum skin t 



sk 



.040 In. 



Ultimate skin shear stress: Gust condition critical. Torque, parallel to 
and about the main spar. 
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VERTICAL TAIL-RUDDER ULT. SHEAR, MOMENT AND TORQUE 
(Maneuver cond. critical taken J. and II @ hinge) 



M,T 
(in-kip) 




Figure 228 



SHEAR FLOW IN FIN TORQUE BOX 



Skin s - fj 



Figure 229 



where: 

T * torque, given In Figure 228 

A « fin c$ll area, given In Figure 230 

Skin f 9 * ~ • The resulting skin shear stresses are shown In Figure 231 

Shear buckling allowable: Where: 



t s 
cr 



>Ik 



t • 1.49(10 6 ) psl 
cr r 
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K_ Based on simply supported panel. 

5 

E c ■ effective modulus ".75E 
■ .75 U.99H10 6 ) 



** pw,, "*** -lf11 ^ 



«r 



j.' i. ' .n.m mm tftmim.'9 .m < .mu 4 xmm i M! k u > # * m VlIH t mm m mmmmmammm WMra 
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VERTICAL TAIL SINGLE CELL AREA OF SECTION NORMAL TO HINGE £ 



Acell 
(In 2 ) 




2 FIN (,n) 
Figure 230 

A comparison of skin shear stress versus buckling allowable In Figure 231 
shows the vertical tall to be shear resistant at limit load. 



6 root: 



750 



I Imlt f s - 715 psl ; t Qr = 750 psl ; Buckling M.S. = -f- ~ -1 = ^ -1 = +0.05 
VERTICAL TAIL SKIN SHEAR STRESS VS. BUCKLING ALLOWABLE 



1000 



T cr f s 
(psl) 




20 



30 . 
Z STA (In) 

Figure 231 
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Skin stiffeners: First stiffener (shown below) above fuselage attachment 
is critical for gust load condition. 

nr , LOADING DISTRIBUTION ON FIN STIFFENER 

C ave = 26 ,n> ' 

w « .418 lb/In 2 

w x = .748 lb/In 2 
P = 83 lb 

y n 

w p = .235 lb/in 2 



Maximum moment based on distribution 
shown in Figure 232. 

M - 187 in- lb assumes 80J6 of normal 
max 

loading on tail acts on one surface. 

Section properties: Figure 233 
y = .457 in. 




■ TA I L-FUSELAGE I NTERSECT I ON 
•4w 



I = .0034 in 11 
xx 



M- 



f b = I 



bu 



XX 

= 31500 psl 



187C.457) 
.0034 



= 25100 psi 



Ref . Table XXXIV 




K_ 



.80 stability factor (assumed) 



-.114 Cave A 

_} 

-.68 Cgye *| 

Rl 

Figure 232 
FIN STIFFENER CROSS-SECTION 

•♦040 In 



F bu K c 
Bending M.S. s — 4 ■ - 1 



31500(.80) 
25100 



- 1 = +0,00 




I — h H — * 070 > n 

Figure 233 



Stress analysis, Main spar: 
Assumptions: 

(1) Maintain a flange width, b, to 
flange thickness, t, ratio of 8.0 (maximum). 

However, hold b to a minimum of 0.75 In. for bonding purposes « 

(2) Use channel configuration. 

(3) React moment as couple between top and bottom flange. 

(4) Make spar web shear resistant for limit load. 



Spar flange: Gust condition critical 
Maximum M 8 root - 26800 In- lb 



Ref. Figure 227 
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T t T c A 



P -* 
r c h 



fig 

26800 
3.75 



= 7150 lb 



r ii 

LI 



FIN-SPAR CROSS-SECTION 
« b°1.90tn > | 



t f =.240In- 




A f| = bt f = 1.90(.240) » .456 In. 2 
f b " ^416 " 15W0 P sl 



Tension critical 
F tu = 20100 psl 



K » .80 fatigue factor (assumed) 

Tension M.S. = t " t - 1 

t 



20100(.80) 
15650 



- 1 = +0.03 



Figure 234 



h=3.75m 




V 



.>,- 



£ T 



"limit 
Station 11 critical , Ref. Figure 235 

8 ult _ 2500 .„ n . 



cr 



f 



'limit 



cr 



2500 psl 



Buckling M.S. 
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Spar web: Critical for shear buckling due to gust condition. 

The web thicknesses were determined by first constructing a family of al- 
lowable shear buckling curves based on the formula used for the horizontal tall 
(ref. page 283). Next, the ultimate shear stresses were calculated for a number 
of possible thicknesses using the net shear flow. These stresses were plotted 
as a family of curves In the same figure as the allowables (Figure 235). The 
spar web gages were thus chosen on the basis that 
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FIN- REQUIRED SPAR WEB THICKNESS VS STA. f g < T cr 

T 




30 
'■fin 
Figure 235 



40 50 60 
(All dimensions in Inches) 



Fuselage attachment: 

Critical condition: Gust load condition (ref. Figure 227). — A resolution 
of forces is necessary since the main spar is not parallel 
or perpendicular to the attachment planes. 

Resolution of forces % fin-fuselage interface 



"•""(«) +T (i»)--» 5 <« + -*' T 



S f * S - R 

y y y a 

Net attachment loads: 



Bolt S * 



M. 2 
D 



I Z 2 + I i 4 




P60° M00° 
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FIN-FUSELAGE ATTACHMENT LOADS 



MAIN SPAR 




MAIN ATTACHMENT 
Figure 236 

Z z 2 + E y 2 » 4(.72) 2 + 4(2. 14) 2 + 8C2.5) 2 » 70.42 

M b * 32592 In- lb 

R, * 1019 lb 
y b 

«: - 32592(2.14) . 1019 ...-,.. 
S y 702 +—§--1117 lb 

e . 32592(2.50) 11( - Q .. 
S z T0A2 " 1158 ,b 

Main attachment, bearing critical: Check 3/8" bolt bearing In .25 thickness 
S. 



1610 



r lbiO j. 

br = Dt * ,375(.25) " 17200 P sl ' Where: s r = <Sj + S 2 )* = 1610 lb 



F bru » 19700 psl , 



q d 2 A d 212 

T 1 T 1 

q c*T7£ a 3S5" 



BeartngM.S. =^-,=i|M. 1s±SL!j 5 




p 
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M L 



T' 
Ax 






22 



M 1 + Az S' 



M' + 3 S 1 

y 



r = S' + P 

Yh y y« 



FIN MAIN SPAR, ATTACHMENT TO FUStlAGt 




2.14 



(All dimensions in inches) 
Figure 237 

Stress analysis of rudder: The rudder is critical tor the maneuver 
condition described on page 293. The net loads are included in Figure 228. The 
stress analysis was performed in a similar manner to the fin portion of the 
vertical tail. A margin of safety summary for the rudder is found on Table XLIX, 



«-«, 





TABLE XLIX - 


VERTICAL TAIL MARGIN OF SAFETY 








Item 


Material 


Type of 
loading 


Stress 
level 


Al lowable 
(psl) 


Factors 


M.S. 




Skin 


Chopped 

E-Glass/ 

Epoxy 


Buckl Ing 


715 


t = 750 
cr 


— 


+0.05 




Skin stiffeners 


Bend i ng 


25100 


F, = 31500 
bu 


0.80 


+0.00 


c 


Spar flange 
Spar web 






Bending 
Buckl Ing 


15650 
1670 


F +u * 20100 

t * 2500 
cr 


0.80 


+0.03 
+0.50 




Spar attach. 
- fuse 






Bearing 


17200 


F bpu = 19700 


— > 


+0.15 




Fwd. attach* 
- fuse 






Bearing 


9000 


F bf . u = 19700 




+1.19 




Rudder attach. 
- upper 






Tea rout 


2580 


F su = 9200 


*•«••* 


+1.50 




Skin 






Buckling 


438 


T cr = 458 





+0.05 




Skin stiffeners 






Bending 


21100 


F bu = 31500 


0.80 


+0.20 


3 


Spar flange 
Spar web 


y 


r 


Bend 1 ng 
Buckl Ing 


9150 
1125 


F +u = 20100 

T = 2000 
cr 


0.80 


+0.76 
+0.67 




Lwr. attach. 


Chopped 

E-Glass/ 

Epoxy 


Bearing 


3880 


F bru = 19700 


0.50 


+1.54 



0* 



i * 



300 



mum 



■^ryr^*>~ 



.':rj' 



t/Mik 



i^^;;^,VW "■#-'■'.■:'■ 



T 



r 



a* 



i. i 

\ 



Component Cost and Manufacturing Considerations .- The cost analyses dis- 
cussed In this sub-sectlon/are limited to Just two of the four primary structur- 
al components. These, the vertical stabilizer and the wing, are structurally* 
the least and most demanding, respectively. In any event, thse two analyses 
demonstrate the magnitude of the potential savings associated with machine 
molded/high production rate construction concepts. Manufacturing consider- 
ations for all four (vertical tall, horizontal tall, wing, and fuselage) 
primary structural components will be discussed briefly. 

Vertical tall: The vertical stabilizer, with Its minimum structural 
requirements, Is a feasible application for both compression molded thermoset- 
ting (reinforced) plastic and Injection molded (reinforced) thermoplastic. 

Compression molding of prepreg sheet molding thermosetting composites, 
such as E-g I ass/polyester, Is considerably slower than Injection molding. It 
does offer, though, a good possibility of achieving the required thin skins. 
This Is possible due to the partial distribution of prepreg material, normally 
preheated, In the dies before the dies are closed. This means the material has 
a shorter distance to travel to the die extremities. Also, the material "setting* 
time Is slower and the material has considerably more time to flow, since It 
"sets" or cures by chemical reaction rather than by "freezing" as with thermo- 
plastics. 

Compression molding, using prepreg sheet molding compound, does not 
lend Itself to mass production as well as Injection molding, due to its slower 
set" time, hand loading requirements and supporting activity requirements such 
as precutting and preheating of the sheet molding compound. It Is far superior 
though to the normal hand lay up procedures normally associated with reinforced 
thermosets. 

Compression molding of the vertical tail, using E-g I ass/polyester 
would require only 1000 psl (approximately) and 300°F. The precut and preheated 
prepreg material Is loaded (presently by hand) Into the heated die halves, after 
which the die halves are slowly mated. 

A hydraulic press of at least 450-ton capacity will be required to 
mold each vertical stabilizer skin. Closing and opening speed should be adjust- 
able and variable within each cycle (I.e., the press should have a high speed 
initial closing rate to first die mate, followed by an adjustable final closing 
rate). This action should be semi-automatic. Such a press Is estimated to cost 
$11-$ 12 per hour to operate. 

The dies, most probably fabricated from alumtnum, are estimated to 
cost from $10,000 to $24,000. These estimates are based on todays tool fab- 
rication costs. It would be very difficult to predict whether such costs will 
be higher or lower in fifteen years. Compression molding die costs are higher 
than injection molding die costs stnce many more dies are required to produce 
parts at an equal rate. This will become evident In the following cost con- 
sideration discussions. 
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Coring Is not as readily achieved with compression molding as with In- 
jection molding. This Is due to the possibility of very high local pressure 
differentials that can exist between opposite sides of a core during distribu- 
tion of the more viscous resin, as the dies are closing. 

Table L 

INDUSTRY ESTIMATES OF VERTICAL STABILIZER TOOLING COSTS (DOLLARS) 



MOLDER OR 
MOLD MAKER 



Injection 

A 

B 

C 

D 

E 

E 
For analyses 
purposes, use 



Compression 

F 

6 

E 

H 

J 
For analyses 
purposes, use 



R. H. SKIN 



50,000 
50,000 



L. H. SKIN 



60,000- 

50,000 
50,000 

16,000- 

100,000- 

(30-36,000) 



24,000 



10-12,000 
24,000 
24,000 



24,000 



24,000 



SPAR 



10-12,000 
24,000 
24,000 
•65-70,000' 



24,000 



5000 
5000 



1800 
5000 



RIB 



-^ 






BONDING 
FIXTURE 



(600) 



1500 



4000 
4000 



3000 
4000 



3000- (1 500) 
3000 
15,000 



2000 



NOTES: I) ( ) » Est. for A'umtnum Tool Ing 

2) Molders A,B,C....are located In the Los Angeles - San Diego area. 



The design of verttcal stabilizers constructed of the above materials 
differs only In that the Injection molded nylon stabilizer Is about 10* heavier 
(due to Its lesser srrength/stlffness) and the nylon stabilizer can be molded In 
two pieces rather than four, due to Its superior moldabl I Ity. See Figure 238. 

The Injection molded stabilizer can be molded as a left-hand skln/rlb 
and a right-hand skin/spar. The compression molded stabilizer possibly could be 
molded Into the same two components, but would more likely be molded into a 
separate left hand skin, right hand sktn, spar, and a rtb, as shown earlier in 
Figure 147. Earlier attempts at two-piece construction, with the bond line all 
in a single plane, were abandoned due to Inherent structrua I /weight penalties. 
I.e., using the tongue-and-groove Joint on a split spar and split rib. Figure 
238 illustrates the tongue-and-groove Joint on the leading edge only. 
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TWO-PIECE CONCEPT VERTICAL STABILIZER 



V." 




SECTION A 



6^ 



Figure 238 
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Section plane A, Identical in nature on both components, taken from 
Figure 238, Is illustrated in Figure239, with the method that would be employed 
in molding both parts (i.e., the right hand skin/rib and the left hand skin/ 
spar). This molding die arrangement is applicable particularly to injection 
molding but could possible also be applicable to compression molding. No mov- 
able cores are required, except to hold the molded tn place metallic inserts fr 
the clevis fittings on the spar. The skin/spar or sktn/rlb at first glance 
might appear to be trapped In the female mold, but It can readily be stripped 
from the die by using a lateral mode of extraction. In the worst cese, die 
segment B in Figure 239 might have to be stripped from the part after the part 
is removed from the female die half. This two-piece concept is not at all 
unusual for injection molding. Die segment B would be retracted automatically 
as would all the other cores for the fastening and hinge fitting holes. 



VERTICAL STABILIZER MOLDING DIE ARRANGEMENT 
(For Injection and possible compression molding) 



Die Segment 




a 



'* 


| 


u> 


4 


. V 
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Figure 239 



The rudder, of similar configuration, can also be constructed using 
this skin/ spar + skln/rlb concept. 

This two-piece construction eliminates the otherwise required separate 
tooling costs and separate molding time costs for both the spar and the root rib. 
Additionally, the amount of trimming, Inspection, bonding prep, actual bonding, 
and Joint clean-up are reduced. 
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Additional discussions with Injection molders reveal optimism concern- 
ing the feasibility of molding large thin skin components. It is quite reason- 
able to assume that the thin skins would be readily achievable in fifteen years, 
and are probably achievable today. The United States is lagging Europe and 
Japan, where the world's largest molding machines are built, In Injection 
molding capabl I tty. « 

More and more Injection molders In the United States are beginning to 
use aluminum dies. They are significantly cheaper and steel Inserts can be 
used in high wear areas. Also, the higher thermal conductivity of aluminum 
provides for reduced cycle time, I.e., higher production rates. 
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An Injection molded vertical stabilizer, according to molders, would 
require little or no clean-up after molding. The part could be submarine gated, 
so It would be removed from the dies, free of any gate projections. Any clean- 
up that would, be required could be accomplished by the molding machine operator. 
The vertical stabilizer would be molded at a rate, conservatively estimated at 
30 parts per hour, and more likely at 60 parts per hour. 

Bonding of the stabilizer components, whether Injection molded nylon 
or compression molded E-g I ass/polyester, would be accomplished In a fixture with 
provision for heating to accelerate curing of the adhesive. The surfaces to be 
bonded would require light sanding before application of the adhesive. Should 
the components be made of nylon, bonding will require considerably more atten- 
tion. Nylon, and particularly glass reinforced nylon, is difficult to bond. It 
would require a special etch* of the surfaces to be bonded. 

Table LI summarizes all the cost analyses performed on the vertical 
stabilizer. It Is significant to note that one injection molding machine, oper- 
ating two shifts per day, can produce both components of the nylon vertical tall 
In 100,000 units per year quantities, while it requires twenty compression mold- 
ers, operating three shifts per day, to mold the four glass/polyester components 
In like quantities. Production rate for Injection molding, estimated at 60 
pieces per hour, Is a liberal estimate of today's capability, but a conservative 
estimate of molding rates fifteen years from now. The four-per-hour production 
rate for compression molded glass/ polyester is possibly attainable today and 
will surely be routine fifteen years from now. Estimates of fabrication 
sequences and times associated with both the Injection molded and the compres- 
sion molded vertical stabilizer are detailed In Table LII. 
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Table LI 
COST ANALYSIS TO PRODUCE 100,000 VERTICAL STABILIZERS PER YEAR 



INJECTION HOLDING 



COMPRESSION MOLDING 



PIECES PER ASSY 
CYCLE TIME/PIECE 

TOTAL TIME FOR 
100,000 ASSEMBLIES 



- 1.25 mln 



eOTeft 

tiff mln * WtW wy x 2, pcs/miy . 4t60 hrt 
60 mln ,,w " r * 



sorift 



18.75 mln 
\hl> ffilft K WiW^MIV * * pcs/assy . ,23,000 hrt 



FABRICATION COSTS 



INJECTION MOLOING 



COMPRESSION MOLDING 



Raw Materials 



(14.3 lbs/assy) X (.65 $/lb> X 100,000 assy • 1929,500 



(14*3 lbs/assy) X (.60 $/lb> X 100,000 « $658,000 



Tooling 
Prepreg cutters 
Ota sets 

Trim tools 
Bonding fixtures 



Not required 
I f $48,000.00 - $48,000.00 
Not required 
20 f $ 1,500,00 •|2kffl2fi t fi& 
$78,000.00 



1 • $ 1,500.00 • $ 1,500.00 
5 • 57,000.00 > 285,000.00 
1 • 5,000.00 « 5,000.00 

"' ,,800 ' 00, BlW§fc9- 



\ 



Molding 
Machine charge 

Labor 4 ovarhaad 



Auxiliary Oparattons 



SP * *2b8b hrfx*3 shifts • *»•»'* 

■ WiOMhr; 

$23.50/hr 
4160 hrs X $23.50/hr * $97,760 



Estimated * $ ,56/hx 

.WtWhr 

$10.96/hr 
125,000 hrs X $10,56/hr • $1,320,000 



9 J 25_mln x IQQ^ogp assy x \ hf . 19 «* , 
assy * 80$ eff * 60 mln 1 ** >00 ' 

19,500 hrs X $t0/hr • $195,000 



33,812 hrs X $10/hr » $338,120 



SUMMARY 

Raw Materials 

Tooling 

Molding 

Auxiliary Operations 



$ 929,500 
78,000 
97,760 

$1,300,260 



$ 858,000 

329,500 

1,320,000 

338.120 

$2,845,620 



UNIT COST 



£2. 



assy 



• $13*00/assy 



i2^2^. >2 8.45/assy 



Motet *Totel avalleble working hours per year for one shlftt 
8 hrs X 5 days X 52 weeks • 2080 hrs 
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SEQUENCE 



1) 



2) 

3) 

4) 

5) 

6) 

7) 

8) 

9) 

10) 

11) 

12) 

13) 

14) 

15) 



Table LII 

FABRICATION SEQUENCES AND ESTIMATED TIMES 
(for vertical stabilizer) 



■TIME <"*ln-l 



Compression Molding 

Die cut SMC* to spec, shapes 

a) Skins (10 pes 8 20/mln) 

b) Spar (10 pes 6 20/mln) 

c) Rib ( 5 pes 6 10/mln) 
Preheat SMC blanks 

Load & cure In press (part of molding charge) 

Degrease 

Cool (no charge) 

Trim flash (4 parts 6 .30 ea) 

I nspect " 

Bonding preparation (4 parts) 

Load all four parts In fixture 

Apply adhesive 

Close fixture & cure 

Remove from fixture 

I nspect 

Dress Joints 

Stock or convey to assembly area 



*sheet molding compound 



Inlectlon Molding 



1) Inspect (after molding) 

2) Place skin/spar and skln/rlb In bonding fixture 

3) Prepare mating surfaces for bonding 

4) Apply adhesive 

5) Close fixture 

6) Cure adhesive 

7) Open fixture & remove bonded fin 

8) Dress bonded Joints & Inspect 



.50 

.50 

.50 

1.00 

.33 

1.20 
1.20 
1,20 

.30 

.60 

6.45 

.15 

1.20 

1.00 

_dft 
16.23 



.90 

.10 

.30 

.30 

.05 

6.55 

.15 

1.00 

9.35 
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End result of the analyses Indicates that the vertical stabilizer, 
manufactured at the rate of 100,000 units per year, can be produced at a manu- 
facturer's cost of: (1) $13.00 when Injection molded of glass/nylon 6-10, or 
(2) $28.45 when compression molded of glass/polyester. These costs are signifi- 
cantly competitive with conventional sheetmetal construction as Indicated In 
Figure 240. Of prime significance Is the Indication that both Injection molded 
and compression molded vertical stabilizers can be manufactured at a lower cost 
than conventional sheetmetal, even at current quantities. E.g., compare the 
following price-quantity relationships for the three types of construction. 



Current 
Quantities 
(I.e., 1000/Yr) 



High Production 

Quantities 
(I.e., 100,000/Yr) 



Production Rate 
Break-even Point 
With Sheetmetal 
(Units/Yr) 



Sheetmetal 
Compression molded 
Injection molded 



$110 
88 
61 



$34 
28 
13 



# 

620 
360 



VERTICAL STABILIZER UNIT COST VS PRODUCTION RATE 



SET- 



S/UNIT 




1000 1500 2000 r 100,000 
UNITS PER YEAR 
Figure 240 

* The reader should be aware that the "learning curve" Is a function of 
cumulative quantities, which were assumed to have occured within one year; for 
comparison with the yearly production rates of the molded units. 
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Referring to Figure 240, conventional sheetmetal construction unit cost 
Is less than that for compression molded and Injection molded construction only 
at production rates less than 620 and 360 units per year, respectively. 

Horizontal tall: This portion of the airplane, being more heavily 
loaded than the vertical stabilizer, requires the use of an epoxy/glass compos- 
ite* Neither chopped E-g I ass/polyester nor Injection molded nylon 6-10 Is 
structurally adequate for most of the horizontal tall components. Therefore, 
most If not all of the ten different reinforced plastic horizontal tail com- 
ponents will be compression molded from an epoxy/glass composite. 

Referring to Figure 241, components (-11, -25, & -27) might later be 
proven to be more economically produced from Injection molded nylon 6-10. The 
skin quarter-panels, I.e., top or bottom on either side (-1 or -3), will require 
a molding press capacity of approximately 1500 tons (for compression molding). 
This is easily within today's readily available capacity. ■ 

The main spar (-5) will require 400 to 500 tons for molding, but a 
larger tonnage capacity press might have to be used to provide large enough 
platens. The spar, as molded, is only 4.5 In. wide, but is over 151 in. long. 
Alternate approaches might be to build extensions for the platens outside the 
main platen area, or to mold the spar In two presses set side by side. 

The trailing edge spar, and the ant I -servo tab channel and skin (-7, 
-28, & -21, respectively), also being of outsize lengths, will each require 
either excess press capacity (tonnage), or two or more presses set side by side. 

The torque box (-9), if It is made In one piece as indicated, will re- 
quire a large core on each side to form the pans on each side. As mentioned 
earlier, this part might be easier and cheaper to fabricate If It were separated 
Into two identical ribs and a shallow box. 

Wing: The wing, being the most demanding of all the primary structural 
components, requires the use of at least S-glass/epoxy, and preferably high 
modulus graph Ite/epoxy. For the purpose of this study, the wing components were 
assumed, In general, to be fabricated in a manner similar to the vertical tail. 
I.e., die costs, in general, were estimated on a projected area basis, propor- 
tionate to the vertical tall die costs. This is valid for dies of comparable 
depth and complexity. Most of the wing components are no larger than the hori- 
zontal tall components. Exceptions to this are the spar and the skins. Molding 
presses of more than adequate capacity are available today, even for components 
as large as the spar and skins. Dies for the spar could possibly be made In 
segments due to their out-slze length requirements. The spar could be molded In 
one big press or in a series of presses set side by side. 

For outsize, but simple, components such as the wing skins (with no 
Integral stlffeners) a new castable ceramic mold material offers significant 
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cost savings* It Is not recommended for applications such as shapes with stand- 
up ribs or where cores are required. Such molds are normally fabricated with a 
two-Inch thickness of the ceramic material backed up with foamed fused stltca 
blocks. The bonded-on foam blocks are cut smooth and flat and mounting studs 
are then potted into the foam. No Internal reinforcing Is employed. Another 
advantage Is the ability to cast-ln-place all the necessary electric neaters or 
steam lines. The basic cost of this ceramic material Is $1100/ton (I.e., $0.55/ 
lb). It has a density of 120 lb/ft 3 . 

These molds can be fabricated In matched sets (male and female) and 
are completely adequate for the 1000 pst compression molding requirements. Die 
cost for the wing skins was based on the use of matched sets of the above ce- 
ramic molds. Using only a female mold and a pressure bag reduces total wing 
manufacturing cost by a maximum of 3$. Since the (bagged) Inner skin surface 
is not as reproducible as with matched molds, the 3% is well spent, to minimize 
bonding preparation for the skin stlffeners. 

As with the vertical and horizontal tall, the wing is assumed to be 
assembled b/ secondary bonding In appropriate Jigs and fixtures. 

The first cost analysis, based on the tapered wing Illustrated In Fig- 
ure 242* assumed that each component* would be machine molded Individually in a 
press of appropriate capacity. This first analysis considered both the 30- 
mlnute cure time for current epoxies and an estimated cure time of 15 minutes 
for future epoxies. Referring to Figure 243* bars (1) thru (5) represent the 
above described wing. Bar (1), for single-cavity molding and 30-minute epoxy 
cure time, has a molding cost which Is 54. 2# of the total wing manufacturing 
cost. Therefore the savings In bar (2) are large when the production rate Is 
doubled, by halving the current 30-mtnute cure time. 

Subsequent analyses of the wing based on the use of mu I tl -cavity dies, 
took advantage of the potential savings attainable with higher production rates. 
Since factory time is not practically available below $10 per hour, the minimum 
size molding press considered was 650-ton capacity, which cost about $12 per 
hour to operate. It turned out that platen area, not component projected area/ 
pressure requirements, determined the number of cavities per die or the number 
of die modules. It was first assumed that only a constant chord constant thick- 
ness wing, with Its many Identical parts, could take advantage of mu I tt -cavity 
molding. I.e., *t would be Impractical to attempt to mold dissimilar or unlden- 
tlcal components on the same stroke of the press. This would be true due to the 
slight difference in molding requirements between untdentlcal components* It 
turns out that the no-two-parts-a I t ke tapered wing can also take advantage of 
multl-cavlty tooling, when the associated quantities are on the order of 100,000 
units per year, as In these analyses. 

Referring again to Figure 243 # bars (3) and (4) represent the same wing 
as bars (1) and (2), respectively, except for the use of mu I tl -cavity tooling. 

*There are no two components alike in the tapered wing. 
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FAR TERM LIGHT AIRPLANE WING UNIT MANUFACTURING COSTS 
(for 100 000 units/year production rate, except (§) ) 
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Multi-cavity molding 
* 



1500 



1000 



500 




LEG END 
wwm Material 
VTTTTi Dies 

Molding 

Fabrication & fixtures 

Labor 



Present 



30-minute cure epoxy 



'15-mtnute cure epoxy 
Foam-core spar 



$2.00. lb. 

$1.00/lb. S "9'«s- 






$1.00lb. 
S-glass 
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Concept »■ Graph i te/ epoxy skins and spars S-glass skins Conventional 

»n<4 ennre aluminum 

and spars sheetmetal 

Weight 275 275 275 275 275 248 302 302 257 257 

Cost/lb.-~$10.59 $7.71 $5.30 $5.05 $2.52 $2.65 $2.78 $1.73 $8.25 $5.04 

Figure 243 
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Multl-cavlty molding appears to offer a significant* reduction In unit manufac- 
turing cost; I.e., about 35$, for the 15-mlnute cure wings. 

Examination of bar (4) makes apparent the high (76$) portion of the 
wing unit cost represented by the raw material. Most (82$) of the raw material 
In bar (4) Is for graph !te/epoxy at $5.00 per pound* Obviously, the unit manu- 
facturing cost of the wing Is a significant function of the cost of graphite. 

Industry sources have estimated the cost of graphite In fifteen years, 
ranging from $1.00/lb. to $100.00/lb. Bar (5) optimistically charts wing unit 
manufacturing cost for the same wing as bar (4), ustrg $1.00/lb. rather than 
$5.00/lb. graphite. Figure 244 plots the cost of the multl-cavlty molded, 15- 
mtnute epoxy cure wing as a function of the cost of graphite up to $10.00 per 
pound. 

Bar (6) In Figure 243 plots a wing comparable In cost to bar (5) which 
which has a foam-core spar, offering a significant (10$) weight reduction over 
the wings considered In bars (1) through (5). 

For comparison, a wing which replaces the graphlte/epoxy components 
with S-glass/epoxy components Is plotted as bar (7). Its cost also Is a signi- 
ficant function of the cost of the S-glass/epoxy (I.e, $2.00 per pound). Some 
savings In fabrication are realized by molding the many skin stlffeners Integral 
with the skins. This Is accomplished by first partially curing the unidirec- 
tional filament skins and then Integrally molding the chopped fiber stlffeners 
to the skins, final curlflg-i^auiagetJmr. 
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It Is only fair to assume that S-glass could eventually be procured at 
a cost equally as low as graphite. Therefore, In Figure 243# bar (8) Indicates 
a low unit manufacturing cost of approximately $521.00 for an S-glass wing using 
$1.00/lb. S-glass. 

Referring to Figure 243, the foam-core graphite wing [ref. bar (6)3then 
appears to have the Iov-*t weight with a very low unit cost; but the S-glass 
wing Lref. t bar (8)] has the lowest unit cost and a significantly lower specific 
unit cost of $1.73 per pound. 

Bars (9) and (10) plot the wing unit manufacturing cost of a conven- 
tional sheetmetal (aluminum) wing. Bar (9) Is based on current production 
quantities and bar (10) represents reduction In cost due to high production 
rates and the classic 80% learning curve. 

Fuselage: All the fuselage (see Figure 245) components except the 
stainless steel firewall and the channels and longerons are large, but conven- 
tional, compression moldings. All the previous discussions of compression mold- 
ing consideration associated with the tall and wing, are equally applicable to 
the fuselage components. The channels and longerons, having constant cross- 
sections, can readily and economically be bag molded over male dies. Even with 
the specification of continuous and unidirectional filaments for the channels 
and longerons, there Is a possibility that each might be molded In a continuous 
lay up and cure operation. Like the vertical and horizontal stabilizers and 
the wing, the fuselage would be an all-bonded assembly. 

In conclusion, It can be said that the most significant reductions In 
light airplane unit manufacturing cost will be the result of high (mass) produc- 
tion methods and processes. E.g., machina molding and forming of primary com- 
ponents, all -bonded assembly, numerically controlled spot welding and riveting, 
preprtmlng (at the mill) of aluminum sheets (for bonding), automatic nondestruc- 
tive inspection of bonded joints, etc. Less tangible, but significant, savings 
are realized with the elimination of corrosion on plastic components. 

The various components of the Far Term airplane were not specifically 
designed for the minimum number of parts. The more simple components (fin, 
rudder, stabilizer) approached the minimum number of parts due to material/ 
concept and molding compatabl I Ity. On the other hand, further cost reductions 
might be achieved If a detailed minimum parts study was done for each component. 
The complex structures such as the wing and fuselage would benefit the most 
from such a study. 

Although this study has concentrated heavily on the utilization of 
plastic materials, aluminum will remain a prime candidate for light airplane 
structure in the future. Aluminum is exceptionally machinable, formable, and 
jolnable. Its use will continue with the greater use of mass production tech- 
niques mentioned above. Greater use of 6061 T6 and 5086-H32 aluminum alloys 
will likely occur with resultant savings In material cost. No one group of 
materials, metallic or nonmetallic, will be used universally. It will still re- 
main for the designer to weigh the pros and cons of each material for each indi- 
vidual application. See Appendix S for an estimated consummer price breakdown 
of the Far Term airplane. 
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CONCLUSIONS 



V a. 



Genera I 

This study Investigated every aspect of light airplane and helicopter 
design, manufacturing methods, and materials In use or of potential use as 
structural and non-structural components. Significant conclusions drawn from 
the investigation now follow., 



■"p : : 



Present helicopter construction is not different from typical light air- 
plane construction but helicopter designers use more of the sophisticated 
techniques common In military aircraft and commercial transports, such as 
bonding and chemical milling, because weight savings are more Important in a 
helicopter than in a light airplane. 

Typical light airplane structure consists of relatively large sheet metal 
panels 0.025 to 0.032 inch thick, whereas helicopter fuselages have smaller 
panels 0.020, 0.016 and even 0.012 Inch thick, supported by many very light- 
weight formers and stlffeners. These lighter but more elaborate constructions, 
coupled with lower production rates, are conducive to higher airframe costs. 
The average helicopter cost Is $30.00 per pound of empty weight, compared to 
$10.00 per pound of empty weight for light airplanes. 

Very consistent data was obtained on the cost of aircraft structure. Two 
different approaches were used to obtain this Information. Results from both 
methods were In good agreement* 

(1) A grass-roots system based on parts catalogs and list prices. 

(2) Manufacturers 1 data. 

Because of the lower rate of helicopter production (586 helicopters versus 
15,747 airplanes manufactured in 1966 - a ratio of 1 to 27), and assuming 
this ratio remains more or less constant, In fifteen years the light helicopter 
Industry may be manufacturing 3,700 units per year, still below the present 
production rate of the light airplane Industry. Consequently the mass pro- 
duction techniques visualized for producing 100,000 light airplanes may not be 
Justified for light helicopter manufacturing. 

Helicopter manufacturers stated: 

"Helicopter airframe costs could be reduced right now, Just by using 
heavier gages which would reduce the number of parts required, and would 
also add stiffness. At the present time, we spend many hours just match- 
ing door and door frames which are too elastic and have a tendency to 
deform. tt 

There Is no doubt, after comparing hundereds of different materials, and 
discussing the study with leading I Ight airplane and helicopter manufacturers 
In the United States, that aluminum sheet metal airframe ts here to stay. 
Aluminum Is a very readily machinable, formable, and Jolnable material. It Is 
one of the most economical; and manufacturing processes, techniques, and 
equipment are at hand. On that basis, It would be unwise to deviate much from 
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this, A new material would mean new tooling, a learning period, etc. 



Modern light airplanes and helicopters are made almost exclusively of 
2024-T3 aluminum alloy. The study Indicates some relatively new alloys, such 
as 6061-T6 and 5G86-H32, can replace most of the skin material with resultant 
cost savings. Some manufacturers are aware of this. 6G61-T6 Is used In some 
models by leading aircraft manufacturers. Wooden construction Is obsolete for 
mass produced airplanes. 



Riveting Is still the easiest, cheapest, and most Inspectable way of 
Joining two pieces of metal. Two women with an air gun, a bucking bar, and two 
hours of training can Install perfectly acceptable rivets at a rate of 20 per 
minute; and, when the nature of the assembly permits It, automatic riveting 
machines can drill and squeeze rivets at the rate of 30 per minute with one 
operator. 

Automatic spotwelding of aluminum sheet metal deserves a very careful 
look. The light aircraft Industry is looking to structural bonding with great 
hopes. The Idea Is well proven: It works with military and commercial air- 
planes. Modern hellcpter blades would not be feasible without metal bonding. 
Light aircraft manufacturers are beginning to use it. 

The pre-prtmlng of aluminum sheets at the mill might solve, economically, 
one of the biggest problems of bonding surface preparation. New fast-curing 
low-pressure adhestves are eagerly awaited by most light aircraft manufacturers. 
Automated, fully-reliable quality-control devices will make bonding more at- 
tractive. Human handling should be reduced as much as possible. At present, 
quality depends too much on the Individual handling of each assembly. The 
advantage of the extensive use of bonding might be emphasized me ,ly on weight 
savings, (3 to 6 percent of structural weight). Fatigue life Improvement due 
to bonding Is a well known fact, but of little concern to the light aircraft 
manufacturer. 

The use of fiberglass prepreg laminates and ultraviolet curing seems the 
most promising technique for 1 1 ght I y- loaded or non-structural parts. This 
concept has been proven In the mass production of drones. Just recently, 
several light airplanes made of glass reinforced laminates have reached the 
flight testing stage in the United States and Germany. They could be con- 
sidered Near Term designs, and If the manufacturing costs would be comparable 
to the sheet metal counterparts, they might lead the way to a revolution in 
light aircraft production. 



Considering the raw material cost for a typical four-place airplane is 
only $ 765.00 (4.5 percent of consumer price), there Is no doubt but that 
the only possibility for a radical Improvement In price for a Far Term airplane 
will be In the reduction of airframe Iqbor cost, rather than reduction of 
material costs. 

In an opinion canvass of leading aircraft manufacturers, they were all In 
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agreement that at the present, hand I ay up fiberglass construction Is not cheaper 
than sheet metal construction. To this, can be added the fact that the basic 
raw material - fiberglass fabric (E-Glass) $2.00 per pound at present, Is 
three times more expensive than aluminum sheet metal. This makes the success 
of the all-fiberglass hand layup airplane very doubtful for the near term. 

The Far-Term airframe should be an 'njectlon or compression molded article, 
using a thermoplastic or perhaps a thermosetting material. The production of 
airplane parts by molding Is not only feasible, but probable; the materials 
are existent; molding techniques and limitations are well known. 

Nylon matrixes, reinforced with chopped glass could be used for Injection 
molding components twice the size of a briefcase. The structural efficiency 
number for shear buckling Is 23 compared with 22 for aluminum sheet. The price 
of reinforced nylons Is $1.64 per pound today, but In fifteen years It may be 
as low as 65 cents a pound. The time required to mold a part Is measured In 
seconds, at the most, one minute. 

Glass-f iber-relnforced epoxy systems with a shear buckling Index of 33, 
cost $4.00/ lb at the present and It Is forcast to be only $2.00 In fifteen 
years. Graphtte-f Iber-retnforced plastics, still In the development stage, are 
estimated by the Industry to be commercially available In fifteen years for as 
low as $2.00 per pound. 

Analysts of the effect of mass production, revealed that the Institution 
of automotive- type manufacturing methods could reduce the price of typical and 
representative-light airplane by approximately 48 percent. By using existing 
aircraft manufacturing methods (plus normal evolution) and the classic 80$ 
(constant) learning experience, the price of this representative airplane could 
theoretically be reduced by approximately 23 percent on the 100,000th unit. 

The cost analysts of an all pfasttc Far Term air, lane, shown In 
Appendix S, and the comparative analysts of a conventional sheet metal 
aircraft with equivalent requirements, shown In Appendix T, Indicates the 
obvious advantage of reduced labor. The reader should bear In mind that 
this Illustration of cost analysis Is based on several more-or-less arbitrary 
assumptions and statistics. Even with present day technologies, cost 
analysis Is a mixture of art and science, often times tempered by personal 
experience. 

Recommendations for Future R&D Programs 

As a result of this study, various areas are Identified where additional 
research will enhance the possibility of a safer and more useful light aircraft. 
Some of the recommendations follow directly from the Investigations performed 
during the study, while others are those suggested by various people within the 
Industry. The recommendations are divided Into two categories. Those Indi- 
cated by the study and relate 1 to structural materials and concepts, and those 
beneficial to other design areas of future light aircraft. No attempt was made 
to rank the various recommendations. 
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Category I .- Structural Materials and Concepts. 
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(1) 
(2) 

(3) 

(4: 

(5) 



(6) 
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(16) 




(17) 



Fatigue characteristics of panels as related to panel slxe, rivet 

spacing, and material thickness. 

Fatigue characteristics of typical repairs on aircraft. For example 

oversize holes, patches or splices on spar caps. 

Materials for landing gear springs. 

Stress corrosion In regard to protection and corrective action. 

A structural adhesive v/hlch will cure at room temperature with high 

T peel strength (75 lbs/In), high shear strength (4500 psl), curing 

at 10 psl (vacuum bag) In 10 minutes, one phase, rolled on curtain 

coating, lack of sensitivity to surface contamination. 

An extruded helicopter blade, which combines heavy sections at 

the leading edge and very thin sections at the trailing edge. 

Data on fatigue of bonded structures. 

Test data on c r eep and fatigue of plain laminate and sandwich 

panels with representative fiber orlentatlor. Test laminates to 

obtain Ff u vs $ for various fiber patterns. Also combined loading 

to confirm biaxial strength criteria. 

Mechanical properties of laminates as function of resin and void 

content. 

Develop aluminum sheet metal with prime coat ready for bonding 

without any further surface preparation except solvent cleaning. 

The coating should provide also corrosion resistance. The coating 

should be applied at the mill for low cost. 

Specifications for raw materials, resins reinforcements for 

composites. Standardize test methods, specimens. 

Tests for determining crack propagation characteristics of various 

fiber orientated composite laminates. 

Establish design criteria for plastic structural components: Max4mum 

and minimum temperatures, humidity, hat I stone, sand and dust 

erroslon. 

Test data on non-continuous glass reinforced laminates (mechanical 

properties, and environment limitations or degradation). 

Test data on compression allowables of laminate plates and flange 

members for varying wtdth/thlckr.ess ratios end also for different 

fiber orientations. 

Tests for determining attachment allowables in laminate composites 

varying fiber orientations, thickness and edge distance. 

Tests for determining effect of stress concentrations in composite 

laminates under static and sudden loading conditions. Vary 

thickness and fiber orientation. Also include bolted attachment 

configurations. 
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Category II .- Other Design areas. 
Power Plant.- 



(1) 

(2) 
(3) 

(4) 

(5) 
(6) 
(7) 



Cooling drag, optimum air Inlets and exhaust designs for horizontal 

opposed power plants. 

Methods of reducing propeller noise. 

Design parameters of small diameter, multi-blade propellers In 

shrouded ducts. 

Development of ultra-low pitch blade settings for ground roll 
braking. 

Simple CO detectors and CO elimination 

Improved fuel Injection equipment (mass and flow sensing). 

Engine mounts, with lower frequency having less damping for better 

Isolation In operating range. 



Systems. - 



(1) 
(2) 
(3) 

(4) 
(5) 
(6) 
(7) 



(8) 
(9) 



Improved braking methods. 

Improved flotation of tricycle gears on soft fields. 

Survey of landing loads, accelerations, sink speeds, etc. to 

determine If a more realistic design criteria Is required. 

Oxlgen systems for high altitude unpressurlzed alrcrafts. 

De- Icing of Inlets, leading edges and control surfaces. 

Simple, Inexpensive air conditioning system. 

A simple fuel system design, ,«tflch would bleed fuel from wing tanks 

simultaneously to eliminate Wuel management", as required with 

present systems. 

More experimental data on crashworth I ness of light airplanes and 

revised design requirements. 

More VGH data for fatigue evaluation of light airplanes. Perhaps 

FAR 23 should be subdivided according to type of operation 

(commercial survey, training etc.) or perhaps another subdivision 

should be made at 6000 lbs gross weight. 



6 



)• 



Manufacturing.- 



(1) 
(2) 

(3) 

(4) 
(5) 

(6) 



Automated plexiglass forming. 

A core material for hollow laminated parts, which can be easily 

removed, (for instance water soluble). 

A better bagging matertal for laminate fabrication than the 

presently used PVA , (should be reusable). 

Establish processing techniques for Ultra Violet curing of plastics, 

An Improved casting process to yield thinner walls and greater 

preclsslon In the manufacturing of piston engine cylinders. 

Develop manuiacturing techniques, tools, and establish design 

criteria for compression and Injection molding of very large glass 

reinforced moldings and laminates. 



321 



M v .'! /'*'-!'/ K-'i)* 



M*M 






2*4 



a o o 



322 



Aerody nam ics^- 
CD Control surfaces hinge moments experimental data, 

(2) Additional baste data on laminar flow airfoils Including effects of 
various types of moveable surfaces. 

(3) Effects of different leading edge shapes on laminar flow airfoils. 

(4) Improved effectiveness of vertical tails. 

( 5 ) T-ta i I cha racter I st I cs . 

(6) Nacelle shapes and locations for pusher engine Installations. Also 
effects of wing and flaps on propeller. 

(7) Flight path control with flap and power modulation. 

(8) Simple methods of stability augmentation. 

(9) Data regarding spoilers and vortex generators. 

(10) Additional data on stall and section characteristics at low 
Reynolds numbers. 

(11) Minimizing pitch changes with gear, flap and power changes by 
changing vertical placement of horizontal tails (full scale wind 
tunnel tests). 

(12) Variable stability for production airplanes, heavy in cruise and 
light in low-speed flight. 

(13) Means of getting usable C.3. ranges of 10 to 40? MAC. with ref lexed 
airfoils, upward floating ailerons or flaps. 

(14) Drag reduction of tricycle landing gear. 

(15) improvement in handling qualities at 1.1 Vs In landing approaches. 

(16) Use of canard surfaces for supplemental longitudinal control. 

(17) Practical methods of eliminating adverse yaw in low-speed airplanes. 

(18) Summary of NASA-NACA data applicable to stability and control design 
for personal airplanes. 

(19) Stabilator design for minimum pitch change with power and flaps. 

(20) Improvement of spiral stability with upward floating ailerons. 

(21) Condensed bibliography listing significant reports and summary 
reports from the beginning of NACA. 

(22) Bibliography of STOL and high lift reports. 

(23) Up-dating of many reports regarding airfoil data and structural data 
to take advantage of present state of the art. 

(24) A method of automatic flight control from take-off to landing as 
applied to general aviation. 

(25) Span load distribution for wing tips or various planforms and 
various section shapes 
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'aPPENDIX Ls 

GENERAL AVIATION ACCIDENTS, 
CASUALTIES AND DAMAGE FOR 1963 (TYPICAL) 







Smal 1 
sing te engine 
fixed wtnq 


Rotorcraft 


All 
other 


Total 




Total 


4069 


183 


438 


4690 


;c: dents 


% 


87? 


4% 


9% 


100? 


Fatal 


401 


15 


66 


482 


< 














Serious 


255 


18 


22 


295 




Minor/None 


3413 


150 


350 


3913 


in 
0) 


Faial tties 


727 


. 20 


146 


893 


4- 


Serious injury 


384 


28 


50 


462 


3 

tn 


Minor/No injury 


6079 


263 


994 


7336 


0) 


Total Aboard 


7176 


307 


1185 


8668 


Destroyed 


952 


106 


39 


1097 




Substantia! 


3076 


330 


144 


3550 


Minor/None 


41 


2 





43 


i-O 
1-4-0. 


Fatal 


109 


20 


5 


134 


U_(U— 


Non Fatal 


85 


20 


11 


116 
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APPENDIX C 
ACCIDENTS PER ELIGIBLE AIRCRAFT BY STATE FOR 1965 



A 






? " 



& 



Stat© or other areas 



Total, 



United State*.. 



Alabama .... 

Alaska 

Arizona 

Arkansas 

California. 

Colorado ♦♦♦. 

Connecticut 

Delaware, , ,,.♦ 

Olstrlct of Columbia 

Florida ,,,,, 

Georgia 

Hawaii 

Idaho 

Illinois ,, 

Indiana,,,,. ..♦,♦♦., 

Iowa 

Kansas, 

Kentucny.... 

Louisiana 

Maine 

Maryland 

Massachusetts. ...... 

Michigan 

Minnesota 

Mississippi. 

Missouri 

Montana ...... 

Nebraska 

Nevada 

New Hampshire....... 

New Jersey 

New Mexico 

New York 

North Carolina , 

North Dakota 

Ohio. 

Oklahoma 

Oregon 

Pennsylvania 

Rhode Island 

South Carolina 

South Dakota 

Tennessee 

Texas • 

Utah... 

Vermont .♦.♦.♦.. 

Virginia 

Washington 

West Virginia , 

Wisconsin 

Wyoming 

Outside U.S.... 



Total 
eligible 
aircraft 



97,741 
97,459 



Puerto Rico 

Virgin Islands.. 
Other countries. 



1 ,201 

1,702 

1,462 

1,397 

13,108 

1,458 

694 

320 

599 

3,630 

1,676 

169 

929 

4,482 

2,560 

1,911 

2,782 

704 

1,530 

438 

952 

1,233 

3,744 

2,540 

1,111 

2,472 

1,199 

1,363 

736 

263 

2,074 

1,089 

4,368 

1,660 

764 

4,148 

2,132 

1,925 

3,048 

134 

692 

773 

1,266 

7,971 

583 

172 

1,244 

2,213 

448 

1,834 

334 

282 

197 
23 
62 



Air 
carrier 



2,299 
2,283 





102 

1 



172 

47 

2 

6 

45 

137 

122 

23 



282 

25 









23 

39 

105 



231 

2 

1 

29 


21 



599 

43 

1 
3 
1 





29 

152 

I 


1 

36 
1 



16 

15 

1 



Fixed- 
wing 
multi- 
engine 



11,977 
11,902 



167 

64 

159 

195 

1,352 

147 

86 

76 

192 

636 

223 

36 

64 

594 

378 

158 

329 

107 

195 

31 

109 

151 

445 

185 

125 

297 

74 

118 

121 

30 

254 

143 

636 

188 

25 

661 

287 

211 

495 

16 

88 

37 

221 

1,137 

49 

18 

123 

113 

66 

226 

64 

75 

48 
15 
12 



Fixed- 

wing 

1 -engine 

4-place 
and over 



49,789 
49,653 



638 

725 

768 

601 

6,961 

791 

338 

143 

295 

1,779 

761 

44 

497 

2,395 

1,460 

1,130 

1,678 

391 

602 

179 

486 

638 

2,028 

1,152 

448 

1,254 

613 

696 

373 

131 

1,110 

701 

1,765 

847 

297 

2,211 

1,084 

1,109 

1,516 

65 

369 

347 

638 

4,023 

369 

88 

665 

1,137 

216 

824 

277 

136 

94 

8 

34 



°yntl AYfitlyn 



Rotor- 
craft 



1,503 
1,492 



5 

50 

27 

7 

320 

15 

16 

1 

18 

69 

6 

4 

20 

31 

38 

9 

8 

7 

n j 

4 

19 
25 
21 
17 
10 
15 
13 
18 
34 


29 

3 
65 
17 

3 
33 
43 
46 
72 

7 
12 

1 

4 
118 

8 


18 
36 

7 
13 

5 

11 

10 




All 
other 



32,173 
32,129 



391 
761 
507 
594 

4,303 

458 

252 

94 

49 

1,009 

564 

62 

348 

1,180 
659 
614 
767 
198 
626 
224 
338 
416 

1,211 

1,081 
328 
675 
497 
530 
179 
102 
660 
242 

1,303 
565 
439 

1,242 
715 
558 
965 
46 
223 
390 
374 
2,541 
156 
66 
437 
871 
158 
771 
188 



30 



14 



Total 
eligible 
gen. av. 
aircraft 



95,442 
95,176 



1,201 

1,600 

1,461 

1,397 

12,936 

1,411 

692 

314 

554 

3,493 

1,554 

146 

929 

4,200 

2,535 

1,911 

2,782 

703 

1,530 

438 

952 

1,230 

3,705 

2,395 

1,111 

2,241 

1,197 

1,362 

707 

263 

2,053 

1,089 

3,769 

1,617 

764 

4,147 

2,129 

1,924 

3,048 

134 

692 

775 

1,237 

7,819 

582 

172 

1,243 

2,177 

447 

1,834 

534 

266 

182 
23 

61 



Total 
accidents 



5,196 

5,062 



89 

147 

105 

78 

629 

110 

44 

16 

3 

221 

111 

17 

48 

156 

116 

73 

110 

47 

109 

18 

79 

74 

145 

115 

68 

132 

73 

64 

54 

19 

111 

87 

184 

79 

51 

162 

102 

86 

144 

7 

39 

43 

56 

407 

52 

15 

72 

127 

25 

72 

57 

87 



Accidents 
per 100 
aircraft 



5.45 
5.3 



7,4 
9.2 
7.2 
5.6 
4.9 
7.8 
6,4 
5.i 

.54 
6.3 
7,1 

11.6 
5.2 
3.7 
4.6 
3.8 
4.0 
6.7 
7.1 
4.1 
8.3 
6.0 
3.9 
4.8 
6,1 
5.9 
6.1 
4.7 
7,6 
7.2 
5.4 
8.0 
4.9 
4.9 
6.7 
4.4 
4,8 
4.5 
4.7 
5.2 
5,6 
5,5 
4,5 
5.2 
8.9 
8.7 
5.8 
5.8 
5.6 
3.9 

10.7 

32,7 
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APPENDIX b 

TYPE OF ACCIDENT VS PHASE OE OPERATION FOR SMALL 

FIXED-WING AIRCRAFT IN 1063 & 1%4 
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Ground/water 1 oop , swerve 

Wheel s-up landing 

Gear col lapsed 

Gear retracted 

Hard landing 

Nose over/down 

Airframe fai lure-in flight 




1 

4 

6 



31 


19 

9 

1 

118 




132 

4 

22 

32 

2 

17 

1 








47 


441 
242 
157 
175 
287 
131 
3 


1 






1 
1 


605 
246 
199 
220 
290 
273 
52 


608 
251 
202 
225 
334 
274 
57 


-on ground 








1 





2 


o 


3 


5 
i 


Engine tea ra way 











1 


u 


o 


Stal 1 , spin, spiral 
Total of above 
All other 



11 
68 


1 
179 
141 


140 
351 
383 


181 
229 
769 


83 

1521 

782 


2 

5 

32 


407 
2296 
2175 


i 

416 

2373 

2394 


1964 


















Ground/water 1 oop , swerve 


1 


38 


138 





496 





673 




Wheel s-up landing 








5 





316 





321 




Gear col lapsed 


1 


28 


30 





128 


o 


187 
173 




Gear retracted 


3 


13 


38 





119 







Hard landing 
Nose over/down 



6 



98 


2 
26 






417 
117 



1 


419 
248 


* 


Airframe fai lure-in flight 








1 


30 








31 




-on ground 














4 


o 


4 




Engine tearaway 








1 


2 





o 


3 
336 




Stal 1 








178 


93 


62 


3 




Spin 








7 


26 


4 


2 


39 




Sp i ra 1 
Mush 










8 
11 


10 
9 


2 

5 




o 


20 
25 




Total of above 


11 


177 


445 


170 


1670 


~fi 


2479 




Al 1 other 


84 


147 


343 


860 


836 1 


21 1 


2448 
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TYPE OF ACCIDENT VS KIND OF FLYING FOR SMALL FIXED-WING AIRCRAFT IN 1963 AND 1964 
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Ground/waterloop, swerve 
Wheels-up landing 
Gear col lapsed 
Gear retracted 
Hard landing 
Nose over/down 
Airframe fai lure-in flight 
-on ground 
Engine tearaway 
Stal I, spin, spiral 
Total of above 
All other 


Ground/water loop, swerve 
Wheels-up landing 
Gear col lapsed 
Sear retracted 
Hard landing 
Nose over/down 
Airframe fai lure-in flight 
-on ground 
Engine tearaway 
Sta 1 1 , sp i n , sp i ra 1 ,mush 
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APPENDIX ! 

TYPE OF ACCIDENT VS KIND OF FLYING FOR 
HELICOPTERS IN 1963 AND 19b4 



"" 










1963 


1964 


1965 


lype of accident " 








Hard landing 


4? 


43 


31 


Rol 1 over 


t 


13 


13 


Collision with ground/water 








Control lod 


9 


17 


18 


Uncontrol led 


7 


15 


12 


Collision with objects 


38 


50 


49 


Stal 1 , spin, spiral , mush 


7 


19 


20 


Airframe fal lure 








In flight 


5 


1 


3 


On ground 


1 


3 


3 


Engine fal lure 


44 


59 


52 


Rotor fa 1 1 ure 
Sub-total 




15 
235 


16 
227 


159 


Al 1 other 


24 


23 


12 


Grand total 


183 


258 


239 


Active helicopters 


1171 


1306 


1503 


Hours flown 


387,000 


447,000 


450,000 


Accident rate - per vehicle 


.156 


.198 


.159 


- per 100,000 hours 


47.3 


57.7 


53.11 



Data from CAB Bureau of Safety Reports: 



BOSR 5-4-5 
BOSR 7-5 
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APPENDIX G 
ANALYSIS, IN-FLIGHT AIRFRAME FAILURE IN U.S. GENERAL AVIATION, 1963 





^^ 








CAUSE 










LOCATION 


CASUALTY 


AIRCRAFT* 






DOCKET 

number 




Hi 
I 

f 
! 


I 

I 
I 


WEATHfcR 


m 

pi 

to 

I 
5 




ii 


1 


I 

I 


I 

US 


.? 


i 


3 

$ 


i 


I 


1 


i 

i 


I 

• 


I 
t 


I 

* 

I 




V 








I 


1 

1 


as 
I* 

i 

3s 


u 

8 






2-0109 
2-0437 
2-0448 
2-0687 


X 










X 

X 






X 


X 




X 


s 

PA 
OA 


5 






5 








PI 
S 

PA 
01 


\ 

1 

Z 


1 


Bunch A-35 
Cessna 3i?Q 
Navlon G 
beecn 3& 






2-0928 
2-1096 
2-1192 
MH4 


X 




X 

X 


X 

JL 


X 
X 














DA 
DA 


A. 










■«" 






SA 
01 

PI 


f 1 


"T" 
1 
2 

4 


nper PA- 16 
Cessna 182 
Kranlch IB Gl Idar 
Bol 1 47-G2 






2-1346 
2-1373 
2-1516 
2-1648 

2-I7W. 


X 








X 


X 
X 


X 


X 








X 


OA 




OA 


OA 












01 

OA 4 
OA 1 
01 2 
S 




2 

4 


Beach j-50 
Beech 23 

Aero Comndr 560-F 
Beech N-35 






2- 1 855 
2-1904 
2-1909 
2-1918 
.2-1*25. 










X 

? 
? 


X 
X 
X 
X 


X 
X 
X 

JU 










X 
X 
X 
X 
X 


OA 

DA 
OA 




P* 


PA 












0* 1 
Ul 1 
OA 4 
01 1 
DA 2 






Cessna 195 A 
Navlon NAV-4 
Piper PA-24 
Schwelier SOS 1268 






2- 1 930 
2-1933 
2-1978 
2-2005 
-2.-2W7,. 


X 




X 




X 


X 
X 


X 










X 
X 


DA 
OA 
JA 




OA 


OA 
OA 








•SA 




Dl 1 
01 1 
OA 1 
01 4 
OA 2 






Beech 35 
Boeing A75N 1 
Beech H-35 
Cessna 31 OB 






2-2156 

2-2159 

2-2160 

.*-*?38_ 


X 




? 

J 




X 


X 


X 


? 


X 


X 




X 






DA 


OA 


•s 






S 




JAB"! 1 
01 

OA t 
OA 2 
SI 


1 


' 


Piper PA-12 
Campbell CH47G-2 
Ryan Navlon B 
Boeing A75N1 






2-2255 
2-2259 
2-2265 
2-2266 


X 




X 
X 

X 












X 


X 






OA 
DA 

_QA 




W 
DA 


DA 
DA 






SI 






"DT T 

3 

Dl 3 

SI 
01 




2 


Uellenca 14-15"' 
HI Iter UH-12E4 
Cessna 195B 
Ball 47H-1 




t 


2-2296 
2-2298 
2-2342 
2-2356 
2-2397 


X 
X 










? 


X 




X 




X 


OA 
DA 
DA 
UA 




OA 
PA 


OA 
OA 

PA 






• 






Dl 1 
01 3 
OA 1 
Dl 2 
2 


1 




Piper J-4 

Beech B-35 

Piper PA-24 

Aero Comndr 680F (P) 

Ploer PA-24 






2-2400 
2-2412 
2-2446 






X 






X 
X 
X 
X 


X 
X 
X 
X 
X 










X 
X 
X 
X 


r DA 
OA 
DA 
DA 




OA 
SA 


OA 
DA 








"*SA 




01 4 
01 3 
01 2 
Dl 3 
Dl 4 






Piper PA-24 
Defiance 14-19-2 
Beech B-35 
Mooney M-20C 






2-2466 
2-2477 
2-2485 
2-2508 

■ffff 


? 


X 


X 




X 


X 

? 

X 












X 

X 


DA 
DA 
OA 




SA 


SA 










• 


1 

4 

Dl 2 

01 5 

DA 2 






Piper PA-22 "" 
Mooney M20A 
Piper PA-23 
Navlon 6 






2-25 14 
2-2516 
2-2528 
2-2529 
3-0124 


X 
X 




X 






X 
X 
X 
X 




X 








X 

X 
X 


"oT 

OA 
OA 
DA 


M 


OA 
OA 


DA 

OA 

OA 












TJTT 

Dl 4 

01 3 

2 




1 


Piper M-24330 

Piper PA-22 
Beach 35 
Bellanca 14-13 
Globe-Swift GC-1B 






3-1024 
3-1629 
3-1861 


X 




X 












X 1 

X 

X 








T53T 






SI 
SA 












SA 




1- 


rrett-Read W-l 
Piper PA- 18 
Cessna 140 
Piper PA-24-250 




1 


JUANTITY 


4£ 


1 


7 


1 


2, 


X 


p 


2 


5 


3 


JL 


20 


T5T 


NOt 


dei 


troyed 
sten* ' - ' 






A * In 
1 • at 


air 
Impa 








1 t 


22 


1.7 


i.e 


U 


J.4 


f.i 




C4 


CT 


U 




34 






M - 


mln 


or 










ct 
tsoc. 


with... 





* Tabulated from CAB Summery Reports of Accidents 
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APPENDIX J 
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VEHICLE PRICE PER lb OF USEFUL LOAD 








■ ' 


GROSS 


EMPTY 


USEFUL 


l/USEFUL 


CRUISE 


VEHICLE 


PRICE 


WEIGHT 


WEIGHT 


LOAD 


LOAD 


SPEE0 




$ 


lb 


lb 


lb 


$/lb 


fnph 


Maule M-4 Jetasen 


10,396" 


2100 


1190 


910 


11.44 


150 


M-4 Rocket 


13,986 


2100 


1190 


910 


15.40 


165 


Mooney Master 


14,995 


2500 


1*73 I 


1 !025 


13,36 


138 


Mark 21 


18,250 


2575 


1535 


'030 


19.10 


;s2 


Mus + ang 


33,950 


3680 


2380 


17.00 


26.10 


J 230 
115 


Piper Super Cub 


9,280 


1750 


930 


320 


1 1 .30 


Cherokee 140 


8,500 


2150 


1201 


949 


8.96 


133 


CI 80 


12,900 


2400 


1230 


1170 


11.00 


143 


235B 


15,900 


2900 


1410 


1490 


10.65 


156 


Six 


21,500 


3400 


1738 


1662 


12.93 


168 


Comanche B 


24,990 


3600 


2207 


1393 


17.90 


194 


Navajo 


89,500 


6200 


3603 


2597 


34.40 


210 


Aero Commander 100 


8,500 


2250 


1280 


970 


8.77 


128 


200 


29,500 


3000 


1940 


1060 


27.80 


214 


Alon A2 Erroupe 


7,975 


1450 


930 


520 


15.30 


124 


Beech Baron B55 


63,950 


5100 


3036 


2064 


31.00 


225 


Bonanza V35 


32,500 


3400 


1941 


1459 


22.25 


203 


Musketeer 














Sport III 
Bel lanca 260C ■ 


12,500 


2200 


1325 


875 


14.30 


131 


, 22,950 


3000 


1850 


1150 


20.00 


196 


Cessna 1 50 


6,995 


1600 


975 


625 


11.20 


120 


172 


10,950 


2300 


1275 


1025 


10.70 


130 


182 


17,150 


2300 


1560 


1240 


13.80 


. 159 


210 


27,975 


3400 


1960 


1440 


20.80 


192 


Hughes 500 


78,800 


2400 


1040 


1360 


58.00 


143 


Brantley 305 


59,500 


2900 


1840 


1060 


56.10 


110 


Corvafr 


2,150 






800 


2.69 


50 


Chevrolet II 


2,200 






880 


2.50 


55 


Chevel le 6 


2,275 






880 


2.59 


55 


Chevrolet V-8 


3,000 






1100 
1320 1 


2.72 


60 


Cadillac 


5,000 






3.79 


70 



NOTE: Useful load Includes all persons on board, fuel, oil and baggage. 
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APPENDIX K 
OPERATING COST ANALYSIS 
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APPENDIX L 
TYPICAL OPERATING COSTS FOR RECIPROCATING AND TURBO-PROP. AIRPLANES 
Data for figure 67 



Consumer price 

Direct operating costs (hrlv) 

Fuel 

ON 

Inspection & ma Int. 

Engine & prop, overhaul 

Total direct operating costs 

Cruise speed 
Cost per mile 

Indirect operating cost (vrlv) 

Hanger rent ($40/mo) 
Insurance (4$ + $215) 
Depreciation (5$, 40$ residual) 
Tax ($7. 70/$ 1000 value) 
Interest 80$ x I.R. 
Total indirect operating costs 



Turbo-prop 
engine 

$29,500 



17.78 GPH 8.25* 4.45 

.2 qt/hr 8.90* .18 

1.75 

4.50 



$10.88 



150 mph 
$.0725/ml 



480 

1395 

3540 

227 

I.R.- 4.75 $ 1121 

$6763/yr 



Reciprocating 
engine 

$17,000 



11.25 GPH 8.43* 4.84 

3/4 pt/hr 8.60* .22 

1.75 

3. 83 



$10.64 



150 mph 
$.071/mi 



480 

895 

2040 

131 

!.R.- 5.5$ 748 

$4294/yr 



<H 



t 

* 






335 



,7i*V "!'./■. ."'-;K' ■'■» 




r 






« 



APPENDIX M 

AIRCRAFT GUIDELINES 
Genera I 

The conceptual aircraft used In the design studies of Phase II must 
satisfy the requirements in this Appendix. Since this is a structural design 
study these requirements are meant to be of a general nature and not those of 
an optimum aircraft* A specific configuration has not been Included since the 
various structural approaches may dictate different configurations. 

Performance - Fixed Wing 

The minimum performance with a pilot and three passengers (170 lbs. each), 
200 lbs. of baggage, and enough fuel and oil for take-off, landing, and four 
hours normal cruise plus 30 minutes reserve will be: 

(1) Maximum speed at rated rpm at sea level not less than 152 knots. 

(2) Normal cruise at 5,000 feet not less than 130 knots. 

(3) Minimum rate of climb at sea level not less than 1,000 feet per mln. 

(4) Service ceiling not less than 14,000 feet. 

(5) The stall speed at sea level not greater than 48 knots. 

(6) The takeoff distance over 50 feet will not be greater than 1,000 ft. 

Performance - Helicopter 

The minimum performance with a pilot and three passengers (170 lbs. each), 
200 lbs. of baggage, and enough fuel and oil for take-off, landing, and three 
hours normal cruise plus 15 minutes reserve will be: 

(1) Maximum speed at rated rpm at sea level not less than 150 knots. 

(2) Normal cruise at sea level not less than 87 knots. 

(3) Minimum rate of climb at sea level not less than 1,200 feet per mln. 

(4) Service ceiling not less than 14,000 feet. 

(5) Hover In ground effect not less than 8,000 feet. 

(6) Hover out of ground effect not less than 5,000 feet. 

Propulsion 

(1) Engines wl 1 1 be of the reciprocating or turbine type developing not C 
more than 250 bhp total and weighing not more than 380 pounds total. 

(2) Propellers may be either fixed or variable pitch. 

Dimensions and Areas 

(1) The cabin must accommodate four persons and have an interna! volume 
(excluding baggage space) greater than 112 ft 3 with a width not 

less than 3.5 feet. * 

(2) The baggage volume must not be less than 16 ft 3 and accommodate four 

9" x 21" x 31" suitcases. j 

MI see I laneous 

(1) The landing gear may be either fixed or retractable tricycle type. l 

(2) The weight of fixed equipment will be 220 lbs. 
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APPENDIX N 

PARAMETRIC STUDY OF FACTORS AFFECTING MAXIMUM SPEED 

The following methods were used In determining the effects of various 
parameters on maximum speed. Each of the parametric variations were reduced to 
a change in equivalent parasite area, f = D/q. Since at maximum speed the 
Induced drag represents only about 10* of the total drag, It has been con- 
sidered to be Invariable with dynamic pressure within the region of Investl- 
?We°stud Wl " n ° + ,n+roduce a s, 9 n?fl «»nt error for this type of compara- 

The formula for the slope of the velocity curve was obtained by differ- 
entiating the power equation: 

KP = D«V = q f«V » i p f«V 3 

Assuming a constant power available, 

V 3 d f + 3 V 2 f dv = 



df 



1 
3 



V 
f 



k\ 



For the purpose of this analysis, variations of the following base conflg- 
uratlon were considered. 



W 

S 

AR = 

P 

"max 



2800 lb, 
175 ft 2 
7 

250 bhp 
152 kts 



Effect of wing area.- Wing area affects both the parasite drag and the 
Induced drag. For this study, both will be summed In terms of equivalent 
parasite area so that they can be presented as a Af. 



w 



■ Or 



K i c E s 



I 



o 



~7i~ 



= .0075 (S-20) + ^ <5) ff (152 K. % S.L.) 



= .0075 (S-20) + 70.0/S 
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... to 



s 


.0075(S-20) 


70/S 


f w 


Af 


ft 2 


ft 2 


ft 2 


ft 2 


ft 2 


145 
155 
165 
175 
185 
195 


.937 
1.012 
1.087 
1.162 
1.237 
1.310 


.483 
.451 
.424 
.400 
.378 
.359 


1.420 
1.463 
1.511 
1.562 
1.615 
1.669 


-.142 

-.099 

-.051 



.053 

.107 



Effect of aspect ratio.- The aspect ratio of the wing Influences the 
Induced drag. This will be equated to an eoutvalent parasite area. 



= C r 



v 1 W 
q 2 S 



" K 1 C L 2S 



2800 2 K 



(7.85) 2 (175) 



K, From Fig. 246 (total airplane) 



= 7.28 K t ft 2 



A 


K 1 


f,, ft 2 


Af, ft 2 


5 


.0738 


.537 


.137 


6 


.0626 


.456 


.056 


7 


.0550 


.400 





8 


.0488 


.355 


-.045 


9 


.0442 


.322 


-.078 


10 


.0414 


.301 


-.099 



V:. 



Effect of wing thickness ratio ; Wing thickness ratio (t/c) affects the 
minimum drag coefficient. For this study we will use the formula from Ref.10, 
Page 2. Note that this only gives a relative comparison and not the actual 
value used for the basic wing. 

♦00410 







,v 



Cd Q « .016 (t/c) + 
o e 



S e = 155 ft' 



(t/c) 


.016 (t/c) 


Cd 
o 


fjft 2 


Af, ft 2 


.09 
.12 
.15 
.18 


.00144 
.00192 
.00240 
.00288 


.00554 
.00602 
.00650 
.00698 


.859 

.933 

1.007 

1.082 


-.074 



.074 

.149 
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W 2 
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.055 
(78. 


w 

5)175 


s 


W 2 


n 2 


(19.6)10 b 



K, = .055 (Pig. 246) " 
C L = W/qS 



(q = 78.5 lb/ft 
I 152 kts, S.L.) 



NDUCED DRAG FACTOR 




8 12 

ASPECT RATIO, AR 

Figure 246 



Af, ft 



-.269 
-.235 

-J96 



.247 


-.153 


.294 


-.106 


.345 


-.055 


.400 





.459 


.059 


.522 


.122 


.590 


.190 


.661 


.261 
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Effect of fuselage frontal area .- Fuselage drag was calculated by the 
methods In Ref . 10 . For a fineness ratio of 5, the fuselage drag coefficient, 
based on frontal area Is Cq = .0573 



Att, ft 2 


f, ft 2 


Af, ft 2 


16 


.916 


-.230 


18 


1.030 


-.116 


20 


1.146 





22 


1.260 


.114 


24 


1.375 


.229 


26 


1.490 


.344 


28 


1.609 


.463 



Effect of laminar f low on maximum speed .- To determine the effect of lami- 
nar flow on the maximum speed of the base airplane, the change In equivalent 
parasite area Is found, as the transition point moves from the leading edge to 
0.6 chord. The arbitrarily assumed transition polnt'for the base airplane Is at 
0.2 chord (probably optimistic). 



IC - 



1,165 (Thickness correction factor for M% afrfoik 
Ref .11, Page 17.) 

2 

155 ft (exposed wing area) 

3<^1 -C, ft 2 
f av 



A 



(x/o t 


'av 


f, ft 2 


Af, ft 2 





.00328 


1.184 


.152 


.10 


.00312 


1.126 


.094 


.20 


.00286 


1.032 





.30 


.00260 


.940 


-.092 


.40 


.00232 


.837 


-.195 


.50 


.00203 


.733 


-.299 


.60 


.00173 


.624 


-.408 
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+lM > Extent of ami nar flow on wing and Its effect on wlno drag .- To determine 

edae Z 6 rh£! T^i ? f '2C! ' ^ P ' 0+ted a '° ng the Chord from the lead,n 9 
edge to 0.6 chord. To obtain the average skin friction coefficient for the 

section the laminar and turbulent coefficients were weighted according to the 
amount of surface area each covered. 



= C 



av 



lam 



(X/C)_ + C, 



turb 



[1 - (X/C) 1 



The turbulent skin friction coefficient for a Reynolds number of 6 x 10 6 
Is found to be .00328 from Ref. 12, Fig. 4.1.5.1-13. 



Transition Pt. 








(X/C) + 


C f, 


C f 


c f 


t 


lam 


turb 


r av 





__ _ 


.00328 


.00328 


.10 


.00173 






.00312 


.20 


.00121 






.00286 


.30 


.00100 






.00260 


.40 


.00087 






.00232 


.50 


.00077 






.00203 


1 60 


.00070 


i 


' , 


.00173 



These results are plotted In Fig. 247* 
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WING TRANSITION POINT EFFECT ON DRAG 




X/C 

Figure 247 
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Landing gear drag: 

Data for estimating the landing gear drag eomes from Ref 13. The 
f 9! lowing values were selected: 



Main gear - Spring leaf type 

No fairing c r 

C 

With wheel fairing 



*D A 



* .38 



« .25 



(Cq based on wheel frontal area) 



Wheel frontal area 



A f = ,766 ft' 



Parasite area: No fairing f «<2.0)(.766H.38> = .582 ft* 

With fairing f * <2.0X,766)(.25) * .383 ft 2 
Nose gear - Single strut 

No fairing 

With wheel fairing 

Wheel frontal area 
Parasite area: No firing 



X • - 40 



A f = .703 ft' 

f = (.70) (.703) = .492 ft 

With fairing f = (.40) (.703) = .281 ft 



Total parasite area No fairing 

With wheel fairing 



f ■ 1.074 ft 2 
f * .664 ft 2 



Effect of fixed landing gear on m aximum speed . - The loss In maximum speed 
with a fixed gear can be estimated using the following formula: 



AV = 9 ear 
df_ 

dV 
Without wheel fairings: 

f naar ■ 1.074 ft 2 
gear 

AV * 1.074/-. 071 
• -15.1 knots 



df T f» 

dV = " 3 V a (-3)(3.6)/152 = -.071 



With wheel fairings: 

f » .664 ft 2 
gear °* TT 

AV = .664/-. 071 
a -9.4 knots 
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APPENDIX P 



PARASITE DRAG OF CURRENT AIRPLANES 
As an aid in evaluation of current four-place airplanes, the following 

p r .,fv + K,c L2q sv.^ + i^i (ft . lb/MC) 

Equating the power available with the power required, 



3 o K, W 2 



'r » P av n p <550) = ^-^ + 2-J 



p S V 



(ft. lb/sec) 



for n p ES 1s + a a |i!;ct!or:f ar ? + ^e l SsT" 5 ' ' "* "p ' " S ° ,Wng +h * ^^ 

n P = ( noop^) f + (275 p W v s p av ) K i 

The quantities Inside the brackets can be determined from Derformane* 
ratio as shown In Figure 246, appendix N). aspecT 

.... Th ? I??* 1 " ste P Is +0 P^t n p versus f at various flight conditions 
Although the propulsive efficiency Is not a known quantity it Is a fa ^as- 
sumption that, for propeller Installations In thls^atego™, it wMI have a 
peak value of about 0.85. Where np = 0.85 Intersect! the Z versus f 
curves at the ml n mum value of f (sfnce f Is constant for a §lven configu- 
ration) a vertical line through this point will intersect the Site? curves at 
points presenting actual solutions to the above equation. It must be noted 
that each n p versus f curve Is a line of poss I Mentions to til egua?£n 



These plots for several 
253. The resulting parasite 
TABLE LIH- EQUIVALENT 



Make and Model 



current airplanes are shown In Figures 248 through 
drag areas are tabulated here: 
PARASITE AREAS FOR SEVERAL CURRENT AIRPLANFS 



i 



CESSNA 172 
CESSNA SKYHAWK 
CESSNA 182 
CESSNA SKYLANE 
PIPER CHEROKEE "C" 
PIPER CHEROKEE »C" 
CESSNA 210 CENTURION 
PIPER COMANCHE "260" 
BEECHCRAFT DEBONAIR 
PIPER CHEROKEE ARROW 



Landing Gear 



Parasite Area 



Fixed 

Fixed 

Fixed 

Fixed 

Fixed 

Fixed with fairings 

Retractable 

Retractable 

Retractable 

Retractable 



J 



6.20 ft 2 
6.10 ft 2 
5.65 ft 2 
5.35 ft 2 
6.00 ft 2 
s.ro ft 2 
4. 

4.11 
3.45 ft 2 
4.10 ft 2 



ft 2 
ft 2 
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PARASITE DRAG AREA, CESSNA 182 AND SKYLANE 




PARASITE AREA, f , ft 2 
Figure 248 

PARASITE DRAG AREA, PIPER CHEROKEE "C" 




3 4 
PARASITE AREA, f, ft 2 
Figure 249 
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PARASITE DRAG AREA, CESSNA 210 CENTURION 18Q 




3 4 
PARASITE AREA, f , ft 2 
Figure 250 

PARASITE DRAG AREA, PIPER COMANCHE "260- 85 i NRp> mQ mph 

~~" J75* NRP, 178.8 mph" 




PARASITE AREA, f, ft 2 
Figure 251 
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PARASITE DRAG AREA, BEECHCRAFT DEBONAIR 




2 3 

PARASITE AREA, f, ft 2 
Figure 252 

PARASITE DRAG AREA, PIPER CHEROKEE ARROW 




2 3 

PARASITE AREA, f, ft 2 
Figure 253 
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APPENDIX Q 
STAT I C STAB ILITY COMPUTAT I ONS 



Finding Neutral Point 







Fuselage contribution 






(Volum e) (K 2 " K 1 

~2877 STT" <Ref • 8 ' Pa 9* 226) 



- 257.5 
28 

Propeller Contribution 



.85 



85' 
28.7 (T80) (5.07) (.085) " (9 * 0) 773 " °* 10 



U) 



prop 
Tal I contribution 



= .02 ^| * .02 (1.5) = 0.03 



k) 



tal 



..!t ? (. &) <* + 

-( ^05ll f iO fl3.9^ , 
"I .085 11 180 1 1 5.07 I U 



9) (1-.4) 



= -.23 



-|= .10 - .03 + .23 * +.10 



xx X 

N p 'f + -§ = .25 + -§ = .25 + .10 * .35 c 
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APPENDIX R 
WEIGHT AND BALANCE CALCULATIONS (Far Term Airplane) 

Balance Calculations (Reference point: Firewall) 



Description 


Weight 


Horiz.Arm 


Horlz. Mom. 




(lb) 


(in) 


(in-ibxIOOO) 


Wing (180 ft 2 ) 


302.0 


53.1 


16.036 


Horlz. Tail (40 ft 2 ) 


36 


226.2 


8.140 


Vert. Tail (15.84 ft 2 ) 


21.6 


217 


4.690 


Fuselage 


300 


92 


27.600 


Main gear 


116.2 


55.9 


6.500 


Nose gear 


49.8 


-20.7 


-1.030 


Surface Controls 


35.5 


13 


.462 


Cowl 


25 


-22 


-.550 


Engine Mount 


16 


-7 


-.112 


Basic Engine 


380 


-24.6 


-9.348 


Air Induction 


4 


-31 


-.124 


Exhaust System 


16 


-16 


-.256 


Cooling System 


5 


-25 


-.125 


Fuel System 


19 


45.5 


.860 


Engine Controls 


3.1 


10 


.031 


Starting System 


17 


-38 


-.646 


Oil Cooler 


5.5 


-31.5 


-.173 


Prop Instl. 


64 


-47.5 


-3.040 


'nstruments & Nav. Fquipment 


10.2 


15 


.153 


Brake System 


3.3 


13 


.043 


Electrical Group 








Generator 


16.2 


-38 


-.616 


Battery 


28 


90 


2.520 


Battery Box 


2.5 


90 


.225 


Starter Contactor 


1 1 


-1 


-.001 


Battery Contactor 


1.1 


-1 


-.001 


Battery Cables 


3.9 


57 


.222 


Generator Regulator 


1.7 


1 


.002 


Switches, Reostats & Circuit Breakers 


1.5 


11 


.017 


Wiring 


3 


41 


.123 


Lights 








Navigation 


.4 


60 


.024 


Panel 


.3 


15 


.004 


Dome 


.4 


50 


.020 


Landing 


2.4 


31 


.075 


Front Seats 2 


25 


43.5 


1.090 


Rear Seat 


23 


77.8 


1.790 


Seat Belts ( Front) 


2 


36 


.072 


Seat Belts (Rear) 


2 


71 


.142 


Furn 1 sh 1 ngs 


51.4 


41 


2.110 


Air Conditioning 


6 


36 


.216 


Paint 
Total - Basic Airplane (Empty. Dry) 


7.9 


93.0 


.730 


1609.0 


Total = 57 


.87 In-lbxIOOO 
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GROSS WEIGHT LOADING 



& 



£ 



Item 



Empty weight 

Oil 

Fuel 

Baggage 

Pilot & Front Pass. 

Rear Pass. 

Total Loaded Airplane 



Wetght 
(lb) 



1609 
22 
340 
200 
340 
340 

2851 



Hortz. Arm 
(in) 



-24 
42.5 

110.5 
37.5 
77.0 



Hortz. Mom 
(in-lbxIOOO) 



57.87 
- .53 
14.45 
22.10 
12.75 
26.18 
132.82 



C.G. distance aft of firewall * 132, ^ 1 1 ° 00) = 46.5 in. (Sta 146.5) 

The leading Edge* of M.A.C. Is located at Sta. 129.0 (M.A.C. = 62 In.) 

.♦. 146.5 - 129.0 » 17.5 in. and in % of M.A.C. = 17,5 * 10Q 

62 

MAX AFT C.G. POSITION 



28.2 



Item 


Weight 
(lb) 


Hortz. Arm 
(in) 


Hortz. Mom 
(tn-lbxIOOO) 


Empty weight 

Oil 

Baggage 

Pilot 

Rear Pass. 

Total 


1609 

22 

200 

170 

340 

2341 


-24 

110.5 
37.5 
77.0 


57.87 
-.53 

22.10 
6.38 

26.18 
112.00 



C.G. distance aft of firewall = l12 ^{ 1000) * 47.6 in. (Sta. 147.6) 

.-. 147.6 - 129.0 = 18.6 in. and in % of M.A.C. = 18 ' 6 * 10 ° = 30.0 

62 







FWD C.G. POSITION 



Item 


Weight 
(lb) 


Hortz. Arm 
(in) 


Horiz. Mom 
(tn-lbxIOOO) 


Empty weight 

Oil 

Pilot 

Total 


1609 

22 

170 

1801 


-24 
37.5 


57.87 

- .53 

6.38 

63.72 



C.G. distance aft of firewall s "'l^ t00 ° « 35.4 In. (Sta 135.4) 

• 135.4-129.0 = 6.4 In.; and in % of M.A.C. * 6 ' 4 * 10 ° = 10.3 
Maximum C.G, travel » 30.0 - 10.3= 19.7$ 
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FAR TERM AIRPLANE EMPTY WEIGHT bREAKUOWN (PISTON ENUNt) 



Instr., hydraul tc & 
pneumatic group 
13.5 lbs 



Nacelle group 41.0 lbs 




Surface controls group 35.5 lbs 

Empennage group 57.6 lbs 

Figure 254 
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APPENDIX S 



CONSUMER PRICE BREAKDOWN OF FAR TERM AIRPLANE (ESTIMATED) 

An estimated total consumer price breakdown of the Far Term airplane has 
been determined by combining: 

(1) the estimated costs of the primary structural components; I.e., the 
vertical tall, horizontal tall, wing and fuselage. 

(2) the estimated cost of the remaining items such as burden, manufac- 
turer and dealer markup, engine, hardware, etc., based In part on 
previous breakdowns of contemporary airplanes. 

It Is estimated that the reinforced plastic Far Term airplane of the 
1980's, produced In stx-flgure quantities, will sell for approximately 
$10,973.00. A breakdown of this price Is Illustrated in the following pie chart. 



*: 



■- s" 








Other labor 4.5$ 
Airframe labor 4,5$ 

Raw material 8.9$ 



Scope of 
this study 
13.4$ 



Figure 255 
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The following table breaks the consumer price down in further detail. 
Following the table Is a list of assumptions upon which the pie chart and the 
table are based. 



CONSUMER PRICE BREAKDOWN FOR THE FAR TERM AIRPLANE 



(la) 

(lb) 

(2a) 

(2b) 

(3a) 

(3b) 

(4) 

(5a) 

(5b) 

(6) 
(7) 
(8) 

(9) 
(10) 



(II) 
(12) 
(13) 
(14) 
(15) 



Item 

Direct labor (structure) 
Direct labor (other) 
Overhead (structure) 
Overhead (other) 
Material (structure) 
Material (retractable L.G., other) 
Molding time charge (not labor) 
Equipment (Engine & propeller) 
(L.G., wheels, Instruments, etc) 
Sub-tota I 
Direct, sales, and G&A expenses 
Manufacturing cost 
Factory profit (\0% of Mfg. cost) 

Total dealer's cost 
Distributor and dealer mark-up 
Total Estimated cost to consumer 



$ 238.62 
496.00 
310.21 
645.00 
811.25 
167.00 

2425.00 
1417.00 



Pol lars 

$ 734.62 

955.21 

978.25 

258.10 
3842.00 

$ 6768.18 
1211.92 

$ 7980.10 
798.01 

$ 8778.11 
2194.53 

$10972.64 



Percent 
Total 



72.7 

7.3 

80.0 

20.0 

100.0 



AIRFRAME FABRICATION COST ANALYSIS 



Airframe labor 
Airframe share of overhead 
Raw material 
Molding time- charge 
Airframe fabrication cost 



486.62 

1434.64 

978.25 

258.10 

3157.61 



(16) AMPR weight Is estimated to 1038 lbs. 

(17) Unit airframe cost: $ ^' 61 = $3.02/lb 



Direct labor • 
(structure) 



.72 fin labor 
.90 rudder labor 
2.88 horiz. stab. labor 
36.36 wing labor 
5.76 fuselage labor 
192.00 other labor 
238.62 % $2.70/hr. ave. 



4 plastic parts \ 

5 plastic parts I fab. time 
16 plastic parts \ estimated 
202 plastic parts! at 4 min/part 
32 plastic parts J 
Estlmated-other than plastic parts 

wage = 89 hours 



,v 



Direct labor 
(other) 



$ 1700.00 

-1360.00 

340.00 

+ 156.00 

$ 496.00 



(total direct labor from Table XII) 
(airframe labor from Table XII) 

(,0 *Table XII* 1560 est * for retractable L.G.) 



•* 
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Overhead -$ 310.21 * $238.62 x 130* from Table XII 
(structure) 



Overhead 
(other) 



-$ 645 « $496 x 130$ 






Material -$ 
(structure) 



Material 
(other) 

Mo I d I ng 



8.27 vertical fin (13.13 lb x .63 $/lb) 

., 5.36 rudder (8.50 lb x .63 $/lb) 

79.12 horlz. tall (36.06 lb x 2.00 $/lb) 

328.50 wing (Fig. 243, bar©; Fig. 244) 

390^00 fuselage (2.00 $/lb x 195 lb(prlmary structure) 
$ 811.25 

-$ 167.00 = * 70 es+# for retractable L.G. materia 



(time charge) 



+$97 est. for seats, upholstery, Interiors, etc. 

-$ 13.20 vertical fin 1.320.000 $ , _. . A 

100,000 units x 4 parts * 3.30$/part 

Table LI 

16.50 rudder (3.30 $/part x 5 parts) 
52.80 horlz. stab. (3.30 $/part x 16 parts 
70.00 wing (estlm. 202 parts. multlcavltv tooling ) 

105.60 fuselage (3.30 $/part x 32 wFtsT 

$ 258.10 K 

Equipment -$ 2425.00 - 80** x ff ^ x $2795.00- ., VTT 
(Engine & propeller) 230 HP Table *" 

Equipment - 

(L.G., etc.) $ 1417.00 * $1305^ ^ 80* (24.2*^ m x $1560*) 

Direct sales -$ 1211.92 * Overall burden - Mfg. overhead » (2.95 from p. 99 
and s * A x labor) - $955.21 » (2.95 x 734.62 - 955.21) 

Distributor & -$ 2194.53 * dealer cost x 25* = 8778.11 x .25 (used 25* In- 
dealer mark up stead of 33* due to high volume sales, 

e.g. auto Industry) 



Airframe 
labor 



-$ 486.62 « 238.62 + ± x 496 from page 352 (Airframe- labor = 
Direct "structural labor" or + i of "Other labor") 



Airframe share -$ 1434.64 * ?!r f ™l ne J abor x (overhead + direct, sales, 



of overhead 



all I abor 

6 & A expenses » j"^ * (955.21 + 1211.92) 



* Assumed quantlty-prlce Improvement 15 years hence. 

A Estimated price of retractable landing gear and other additional equipment, 
15 years hence ($3000 x 52*). (52* » mass production factor as determined on 
page 102. 
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APPENDIX T 
ESTIMATED COST OF CONVENTIONAL SHEETMETAL AIRPLANE AT IQO,OOOTH UNIT 



Today's sheetmetal airplane, comparable to the NASA guideline Far Term 
airplane on an empty weight basis, would cost $12. 50/ I b* x 1609 lb - 
$20,150.00. 



or 



Since 1956, one of The large light airplane manufacturers In the U.S. has 
produced a cumulative total of 25,000 airplanes, sr an average present day 
price of $19,080. This Is a line of airplanes which approximates the Far Term 
airplane and Is fairly near the hypothetical $20,150.00 airplane. 

From Table XII (page 97), direct labor amounts to 10$ of the consumer 
price. In this case It would be 10$ x $20,150.00 or $2015.00. 

The labor cost on the 100,000th unit Is determined using a constant 
(linear) 80$ learning curve. It Is very conservative to use a constant 80$ 
since, according to the U.S. Alrforce Project Rand Report R-291 , there Is 
apparently a minimum below which the labor cannot be reduced. This leveling 
off of the labor cost apparently occurs not long after the 300th unit. The 
following values are points on a constant 80$ curve. 



Labor Cost 

2015 
1612 
1290 



Quantity (cumulative) 

25,000 

50,000 

100,000 



The consumer price of the 100,000th conventionally produced airplane can 
then be compared to the "Far Term" airplane as follows: 



Item 

Labor 

Overhead % 130$ 

Material (structure) 

Material (other) 

Molding Time Charge 

Engine, Propeller, L.6., etc. 

Direct, Sales,G4A ### 
Manufacturing Cost 
Factory Profit 6 10$ 
Dealer Cost 

Dlr. 4 Dlstr. Markup (25$) 
Estimated Consumer Price 



Sheetmeta I 

I 290## 
1677 

906(765/17000 

167 



"Far Term" (plastic)* 



x 20150 




1 1721 

293Q 

$14651 



734.62 

955.21 

81 1 .25 

167.00 

258.10 

3842.00 

6768.18 

1211.92 

7980.10 

798.01 

8778. 1 1 

2194.53 

$10972.64 



* 
*** 



See Figures 69 and 70 ** See page 349 

U.S. Air Force Project Rand Reprt (R-291), July I, 1956, Cost-Quantity 
Relationships in the Airframe Industry. See pages 95, 98, 99,129-131, 136-139. 
See page 352 §§ Airframe labor « 80$ total labor « $1032. 
### From page 99, overall burden (I.e. direct, sales, G&A) equals 2.95 x total 
direct labor less airframe labor * (2.95) (1290) - (.8) (1290) = $2773. 
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San Dieoo Aircraft Engineering, Inc. 



jntta for NASA Report CR-73258 



Gent I emen: 



We have discovered an error in the NASA Report CR-73258, which 
you recently received. Please cut-out and paste in the following 
correction over a corresponding section at the bottom of page 354. 



r 



Direct, Sales, G&A ### 
Manufacturing Cost 
Factory Profit @ 1 0% 
Dea ler Cost 

Dir. & Distr. Markup (25%) 
Estimated Consumer Price 



2129 [ 

10011 I 

1001 . 



11012 i 

2753 | 

13765 I 



J* See Figures 69 and 70 ** See page 349 

*** U.S. Air Force Project Rand Reprt (R-291), July 1, 1956, Cost-Quantity 
Relationships in the Airframe industry. See pages 95, 98, 99, 129-131, 136-139. 
# See page 352 ## Airframe labor = 80$ total labor = $1032. 

### From page 99, (direct + sales + G&A) = 2.95 x direct labor - overhead = 
(2.95M1290) - 1677 = 2129. 



Yours very tru ly, 




Ladisl^ Pazmany fl 
Chief Design Engineer 



